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SYNOPSIS
Baker!s yeast glucose 6-phosphate dehydrogenase (G6PD) (D -g lucose 
6-phosphate: n lcotinam ide-ddenine d inuc leo tide  phosphate ox id o - 
reductase, EC 1 .1 .1 .4 9 ) was im m obilized on DE 52 -ce llu lose  by the 
tria z in e  method and on Sephadex, Sepharose and Sepharose de riva tives  
by the cyanogen bromide and carbodiim ide methods. The properties 
o f these preparations were studied using packed-bed and grad ientless 
re c ircu la tion  reacto rs .
Sepharose-G6PD, va line  Sepharose-G6PD and ethylene diamine 
Sepharose-G6PD preparations were stable on prolonged sto rage. They 
were com plete ly stable over the pH range studied (6 -  10) and were 
a lso more heat stable than the soluble G6PD. The optimum pH of 
va line  Sepharose-G6PD and ethylene diam ine Sepharose-G6PD were 
s lig h t ly  sh ifted towards a lka lin e  and a c id ic  regions re spec tive ly  when 
compared to  soluble and Sepharose-G6PD. The e ffec t o f pH on the 
reaction equ ilib rium  o f soluble and Im m obilized enzymes was also 
inve s tiga te d .
The k in e tics  o f th is  enzyme had not been investigated p rev ious ly , 
so de ta iled  studies on soluble and im m obilized enzymes were carried
ou t. The M ich a e lis  constants o f Sepharose-G6PD = 1.2 x  10
+ m 
NADP ' -5and K = 4 . 5 x 1 0  M) were s im ila r to those o f the so lub le  enzyme
m +
,„G6P _ ■ in - 4 A/r • , NADP . n nn“ 5A/r, n . /t_NADPH-(K = 0 . 5 x 1 0  M  and K = 1 . 9 x 1 0  M ). So lub le (K =m m s
— 5 N A D P H  — S
1.2 x  10 M) and im mobilized (Kg = 2 .0  x  10 M) enzymes were
+com pe titive ly  inh ib ited  by NADPH when NADP concentration was va rie d .
- 5
N on-com petitive  inh ib itions  were shown by both soluble (K. = 7 . 6  x  10
and im m obilized (K^g = 3 .1  x  10 M) enzymes when the concentration
of G6P was varied in the presence o f NADPH. ATP was a non-
-3com petitive  inh ib ito r w ith  the soluble (K^g = 2 . 2 x 1 0  M) as w e ll
- 3as w ith  the im m obilized (K.^ = 4 .0  x  10 M) enzyme in the presence
of a constant concentration o f G6P,. but in the presence o f constant 
+
NADP concentra tions, ATP gave S -parabolic com petitive  in h ib it io n .
Both soluble and im m obilized enzymes apparently gave an ordered
+Bi Bi reaction pathway in w hich NADP and NADPH were the leading 
re a c ta n ts .
NAD+ kinase (ATP:NAD 2 ‘ -phosphotransferase, EC 2 .7 .1 .2 3 )  was 
purified from Azotobacter chroococcum but a stable im m obilized enzyme 
was not prepared.
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CHAPTER I
SOLUBLE AND IMMOBILIZED ENZYMES
INTRODUCTION
Enzymes are amongst the most powerful ca ta lys ts  ava ilab le  
to indus try . They are spec ific  fo r b io -o rgan ic  compounds but 
genera lly  work under extrem ely m ild cond itions o f pH and tem perature. 
These properties have genera lly  lim ited  th e ir commercial app lica tion  
to various food industries and c lin ic a l an a lys is .
Enzymes are often permitted as food a d d itive s , because they 
are natura l extracts and thus enzymes derived even from bacteria 
are allowed to be used in food manufacture. The use o f pancreatic 
enzymes in the washing o f c lo thes was f irs t  patented in 1913. Since 
then many enzymes have been used in the food (inc lud ing brew ing)/ 
pharmaceutical and te x t ile  industries (Reed/ 1966). At present the 
enzymes used com m ercia lly (from p lan t, animal and m icrob ia l 
sources) are nearly a ll hydrolases w ith  the obvious exception o f 
glucose o x id a se . They are frequently  ex trace llu la r enzymes w hich  
are e a s ily  iso lated and inexpensive . At the moment th e ir use is 
res tric ted  to hyd ro ly tic  reactions because most other types o f 
enzyme are in tra ce llu la r and tend to require expensive iso la tio n  
procedures. At present enzymes are genera lly used on ly  once since 
the ava ilab le  techniques for the recovery o f ac tive  soluble enzyme 
are genera lly  im p rac tica l. In some cases the residua l enzymic 
a c t iv ity  presents a com plication e .g . pectinase in w h ite  w in e .
In  several cases these lim ita tio ns  could be considerab ly reduced 
by using im m obilized enzymes (Goldman et a j. . , 1971; M e lrose , 1971 
and G u ilb a u lt, 1972). However, many enzymes require a coenzyme
as one o f th e ir substrates and most o f the published b iochem ica l 
processes using im m obilized enzymes do not require the use o f 
cofactors (W eeta lland Hersh, 1969 and O 'N e ill et a l . , 1 9 7 1 ) .  
Coenzymes are genera lly  expensive , even in comparison w ith  enzymes 
and the large scale use o f im mobilized enzymes which invo lve  
cofactors would depend on an e ff ic ie n t regeneration and re -use  o f 
these expensive m ateria ls .
Larsson and Mosbach (1971), W eibe l et a l . (1971) and Lowe
+and Dean (1971) have im m obilized NAD to  Sepharose, g lass and 
ce llu lose  re spec tive ly  w ith  some re tention o f a c t iv ity .  M attiasson 
and Mosbach (1971) reported a system for generating reduced NADP 
w ith  im mobilized enzymes. M arsha ll (1973) reported the regeneration 
o f ATP using immobilized carbamyl phosphokinase.
To make the use o f coenzym e-requiring enzymes more econom ica lly
a ttra c tiv e , it  was decided to investiga te  the p o s s ib ility  o f producing
soluble coenzymes w ith  im m obilized enzymes. The coenzyme selected
as a model fo r th is  investiga tion  was NADPH w hich was to be produced
+
in two stages, by the phosphorylation o f NAD and subsequent 
reduction to NADPH. This system was chosen partly because the 
fin a l product would be useful fo r other research in the department but 
m a in ly because the reduction step involved an important model system 
to study the regeneration o f the active  form o f a coenzyme. I t  is  a lso 
easy to fo llo w  the production o f NADPH spectrophotom etrica lly  and 
the coenzyme produced is involved in several b iosyn the tic  re a c tion s .
Choice o f Enzymes
In se lecting enzymes fo r study it  seemed necessary to choose 
ones that were re a d ily  obtainable and s tab le .
(i) NAD k in a s e .
Von Euler and Vestin  (1938) demonstrated the phosphorylation
+ + + o f NAD to NADP when NAD was incubated w ith  ATP in the presence
o f crude yeast maceration ju ic e . Subsequently M ehler et a l.  (1948)
+and Kornberg (1950) demonstrated tha t NAD kinase cata lysed the
re a c tio n .
"I", T. ^ +  7vmT^ NAD kinaseNAD + ATP —---------------------------►NADP + ADP
-f-
As NAD kinase was not ava ilab le  com m ercia lly, i t  was decided 
■j-
to study NAD kinase from Azotobacter chroococcum (also ca lled
+Azotobacter v ine  land ii)  which is stab le, in the presence o f NAD >as 
compared to the enzymes from other sources . I t  may be an a llo s te r ic  
enzyme w hich would therefore provide an in teresting comparison o f 
the properties o f a soluble and im m obilized a llo s te ric  enzyme.
*1“( ii)  NADP spe c ific  dehydrogenases.
The reduction o f NADP is norm ally carried out enzym atica lly  
w ith  e ither isoc itra te  dehydrogenase or glucose 6-phosphate 
dehydrogenase (Evans and Nason, 1953; Horecker and Kornberg, 
1957 and Rafter and C o low ick , 1957). The reactions tha t occur
D -is o c itra te  + NADP+ --,v> c^~oxoq  lutarate + C 0 o + NADPH + H
Glucose 6“ phosphate + NADP+ SFADPH + 6-phosphoglucono
-f*
6 -lac tone  + H
“f*The chem ical reduction o f NADP w ith  d ith io n ite  y ie ld s
preparations w hich in h ib it many enzymatic reactions (P fle ider et a l,  
1956). Therefore b iosyn thesis  is  a more sa tis fa c to ry  method fo r 
the production o f NADPH. Glucose 6-phosphate dehydrogenase 
(G6PD) can be d ia lysed w ithou t^  s ig n ifica n t loss o f a c t iv ity  and 
has a far higher spe c ific  a c t iv ity  than isoc itra te  dehydrogenase. 
G6PD from baker's yeast has an iso e le c tric  po in t, 4 .7 ,  ve ry  near 
to the iso e le c tric  point o f bovine serum album in, 4 .6 .  The k in e tic s  
o f baker's yeast G6PD had not been thoroughly investigated so i t  
was selected fo r converting NADP to NADPH.
According to Segal (1959) the in it ia l work on the k in e tic s , 
w hich is the study o f the rate o f enzyme cata lysed re ac tio n s , was carried 
out by Brown, (1902), Henri (1903) and M icha e lis  and Menten (1913) . 
K inetic  constants can be determined by a va rie ty  o f methods but there 
is a continuing d iscuss ion  regarding w hich graphical method is  most 
accura te . Each method has its  advantages and d isadvantages.
However K and V can be determined by the methods o f M ic h a e lis -
Menten (1913), W oo lf (1932) , Lineweaver and Burk (1934), Eadie (1942) 
or Hofstee (1952). S ta tis tica l (W ilk inson , 1961) and computer 
programme (C le land, 1963) methods fo r ob ta in ing  k in e tic  constan ts
Enzyme K inetics
m
from experim ental resuLts are now ava ilab le  but the above graph ica l 
methods are adequate fo r nearly a ll purposes (Dixon and W ebb, 1964b).
(i) S teady-state k in e tic s  o f 2 -substra te  enzym es.
M ost enzymes have two substrates, one o f w hich is frequen tly  
a coenzyme. Many authors (A lberty, 1956; D a lz ie l, 1957 and 
B loom field et a l . ,  1962) have derived rate equations fo r two substrate 
enzyme cata lysed re ac tions . The general equation derived by C leland
(1963) has been used in these s tud ies .
v  f t ]  00
<  Km + <  H  + Km CA3 + 09 00
Where A and B represent substrates
K^- and represent M ich a e lis  constants fo r substrate A and m m _  . .  .. ,B re spective ly
represents the d isso c ia tion  constant o f EA.
(ii) Determ ination o f fundamental constants o f 2 substrate enzyme system s.
The graph ica l method described by C leland (1970) is used as
fo llo w s . A double rec ip roca l p lot o f ”  against at constan t [B]
L A  J
usua lly  g ives a stra igh t line  cu tting  the v e rtic a l ax is  at A series
o f va lues o f ”  is obtained in th is  way using d iffe ren t constan t va lues
o f CbI , fo r illu s tra tio n  see F ig . 1 .1 .  Two secondary p lo ts (Figs 1.2
and 1.3) are then constructed, g iv ing  the slopes and in te rcep ts o f
the primary plot against *“  re sp e c tive ly . The former g ives a
L BJ
stra igh t line w ith  slope KB and intercept .s m  m
V V
m e  LaLLci iy . 1 .o ; y iv y s  d s iu p y  01 n  dna in te rc e p t
m V
V
SLo pe
F ig . 1.3
In ping pong b ireactant reactions, the primary plots are pa ra lle l 
and num erical va lues o f the constants are obtained from rep lo ts  o f the 
intercepts against the recip roca l o f the second substrate.
Two substrate enzyme systems involve one o f the foLLowing 
pathways.
(a) Random Bi B i.
The enzyme can combine w ith  e ithe r substrate to form a b inary 
complex w hich reacts w ith  the second substrate to g ive a ternary 
cen tra l com plex.
\  (EAB) (EPQ)
E
Rate equation can be e a s ily  derived i f  the "Rapid Equilibrium  
Assum ption" is made, i . e .  a l l  steps invo lv ing  free reactants are 
so fas t tha t they are at thermodynamic equilib rium  and the rate 
determ ining step is the in term olecu lar reac tion ,
k di . e . (EAB) (EPQ)
“I'
and id  kb = id  k bS m m S
e . g .  creatine kinase (Kuby et_al_., 1954)
(b j) Ordered Bi B i.
O nly one reactant in each d ire c tion  can form a b inary complex 
w ith  enzym e.
A
v
p
A
Q
EA (EAB EPQ) EQ
A and Q are sometimes ca lled  ob liga to ry  or leading reac tan ts .
They are often coenzymes, e .g .  D -3-hydroxybutyra te  dehydrogenase 
(Preuveneers et aj.. ,  1973).
{b^) Theorell-Chance pathways.
(A specia l case o f (bi) but no examples proven so fa r ) .
E + A EA
EA + B —^EQ + P
EQ ^ ------ E + Q
(c) Ping pong Bi B i.
Enzyme reacts w ith  f ir s t  substrate and forms product before 
combining w ith  second substrate.
(EA —  FP) F (FB —  EQ)
In such mechanisms the enzyme oscillatetfbetween two stable 
forms i . e .  E and F .
e .g  glutamate^. ^  E -pyridoxa l (p )^  aspartate
(x -oxoglu tara te  E-pyridoxamine (P) ^  oxa loacetate
As no ternary complexes are formed the in it ia l rate equation is  
s im p lifie d  t o  V[A~| [B~|_________ 1v =
K* [  B ]  + KB CA] + m m
(iv) Methods o f d is tin gu ish ing  reaction pathways.
There are three methods using steady state k in e tics  w h ich  are used 
to d is tin g u ish  reaction pathways . (a) In it ia l v e lo c ity  s tu d ie s ,
(b) inh ib ition  studies and (c) isotope exchange stud ies.
(a) In it ia l v e lo c ity  s tu d ie s .
Para lle l rec ip roca l plots are given by enzymes that fo llo w  a 
ping-pong pathway w h ils t those having random or ordered pathways 
g ive  in te rsecting  p lo ts . There is always some doubt about whether 
a para lle l pattern is tru ly  para lle l or s lig h t ly  in te rsec tin g . Therefore 
pa ra lle l plots do not prove a ping-pong pathway, e . g .  Mammalian 
hexokinases were thought fo r a time to be ping-pong but have been 
shown to be sequentia l (N in g e ta J .., 1969).
(b) In h ib itio n  s tud ies .
A substance w hich decreases the rate o f a b iochem ical reaction  
is ca lled  an in h ib ito r. Inh ib ito rs  may be substrates, products or 
other m olecules w hich resemble th e s e . Inh ib ito rs  are d iv ided  into 
two groups.
Reversible in h ib ito rs . The enzyme a c tiv ity  is restored when 
the in h ib ito r is  removed by a su itab le  procedure such as d ia ly s is  
e .g .  action o f malonate on succinate dehydrogenase (D ixon and 
W ebb, 1964d).
Irrevers ib le  in h ib ito rs . The enzyme a c tiv ity  is not restored 
on removal o f inh ib ito r by physica l methods since it  is co va len tly  
attached to the enzyme. The e ffectiveness o f the in h ib ito r is  tim e 
dependent, e .g .  action o f cyanide on xanthine oxidase (D ixon and 
W ebb, 1964c).
Reversible inh ib ito rs  can cause three basic types o f in h ib it io n .
These three types o f plot can be considered in terms o f changes in 
slopes and/or intercepts (C le land, 1970). In com petitive  and uncom­
pe titive  in h ib it io n , slopes and in tercepts are changed re sp e c tive ly , 
w h ile  in non-com petitive  in h ib itio n  both slopes and in tercepts are changed .
Increasing [ I ]
(1) Com petitive In h ib itio n K1 = K  m m
V1 = V
*_
/
Increasing 
^  [ i ]
— CS]
(2) N on-C om petitive In h ib itio n
Increasing
CS] CS]
IK K(3) U ncom petitive In h ib itio n
Determ ination ot in h ib itio n  constan ts . In h ib itio n  constants 
can be determined by the method o f Hunter and Downs (1945), Thorne 
(1953), D ixon (1953) and Cornish-Bowden (1974). C le land 's  method 
by rep lo tting  slopes and/o r intercepts against inh ib ito r concentration 
is most commonly used.
A pp lica tion  of product inh ib ition  s tu d ie s . Product in h ib itio n  
studies are important in the e luc ida tion  o f reaction pathways. The 
in h ib itio n  pattern depends on the reaction pathway.
( l)a  Ordered Bi B i.
A
V
P
V
Qt
EA (EAB-EPQ) EQ
For an ordered Bi Bi mechanism, C le land 's  ru les (1970) predict 
one com petitive (Q vs A) and three non-com petitive  (Q vs B,
P vs A or B) product in h ib it io n s . Although at high concentration 
o f B, the in h ib itio n  pattern becomes uncom petitive when A is 
the v a r ia b le .
(1)b Theorell-Chance mechanism would g ive two com petitive  
and two non-com petitive  types o f product in h ib it io n .
(2) Random Bi B i.
(EPQ)(EAB) v
A ll reactants combine w ith  the same enzyme form . Therefore
a ll should g ive com petitive in h ib itio n  except those tha t can 
form dead-end complexes w ith  the enzyme. So, we get e ith e r 
two com petitive  and two non-com petitive  sets o f reactants ( if
corn aeaa-ena complexes norm; or tnree com petitive ana one 
non-com petitive  set o f reactants ( if  on ly  one dead-end complex 
form s), e . g .  creatine kinase ( K u b y e t a l . ,  1954).
(3) Ping pong Bi B i.
A
V
A
Q
A
\ /
EA -  FP F FB -  EQ
I t  g ives two com petitive (A vs Q and P vs B) and two non­
com petitive  (A vs P and B vs Q) e . g .  aspartate am inotransferase 
Dead end in h ib it io n . These compounds are e sp e c ia lly  use fu l 
when in s u ffic ie n t inform ation can be obtained from product in h ib itio n  
s tud ies , e . g .  when the reaction can on ly  be studied in one d ire c tion  
The ru les due to C leland (19 70) apply here. e .g .  Baker's yeast 
glucose 6-phosphate dehydrogenase (See Chapter V I),
(v) Other properties o f enzym es.
(a) E ffect o f metal ions.
M eta l ions are important in many enzyme reac tions . Enzyme 
ac tiva tion  is present i f  the enzyme is  more active  in the presence 
o f m etal ion s . Two general types o f metal ion a c tiva tion  can be 
recogn ized. These are ac tiva tion  o f the enzyme by the m etal and 
ac tiva tion  o f the substrate by the m etal (M ildvan , 1970). M e ta ls  
can also be very important fo r the s ta b ility  o f many enzymes.
(b) Effect o f tem perature.
The rate o f an enzymic reaction increases at f irs t  w ith  temperature 
and then decreases because the enzymic configuration has changed
at higher tem perature. This change is due to the cleavage o f 
weak bonds such as hydrogen bonds, hydrophobic bonds etc .
(c) Effect o f pH.
Each enzyme has an optimum pH value at which it  g ives a higher 
rate o f reaction than on e ithe r side o f i t .
The e ffec t o f pH on enzyme a c t iv ity  may be d iv ided into three 
c la s s e s :-
(1) An e ffec t o f pH on the s ta b ility  o f the enzyme. Enzymes 
are denatured by exposure to pH va lues outside a certa in range and 
may resu lt in irrevers ib le  loss o f a c t iv ity .
(2) An e ffec t o f pH on rate constant w hich la rge ly con tro ls  the 
c a ta ly tic  e ffic ie n cy  o f the enzyme.
(3) An e ffec t o f pH on the a ff in ity  o f the enzyme fo r its  substra tes.
The pH o f a reaction also a ffects  the equilib rium  points o f an
enzyme cata lysed re ac tion .
Im m obilized Enzymes
Im m obiliza tion  o f an enzyme is the m od ifica tion  o f the enzyme 
so as to re s tr ic t its  gross movement and keep it  in a re la tiv e ly  
defined region o f space (W ingard, 1972).
(i) Optimum cond itions fo r im m o b iliza tio n .
The amino acid residues in a ll enzymes can be d iv ided  into 
three types.  (1) Active s ite  res idues, (2) other residues w h ich  
are essentia l fo r the enzymes three dim ensional con figura tion  and
(3) non-essen tia l residues (Rony, 1972).
These non -essen tia l residues should be used for the covalent 
im m obiliza tion  o f enzymes. The binding reaction should obv ious ly  
be carried out under conditions which do not cause denaturation o f 
the enzym e.
The physica l properties of the carrie r such as m echanical 
s ta b il i ty r in s o lu b ility , sw e lling  cha rac te ris tic  and surface area, 
as w e ll as its  e le c tric  charge, hyd roph ilic  or hydrophobic nature, . 
play an important ro le  in determ ining the s ta b ility  and a c t iv ity  o f 
the im m obilized enzyme. M in im al s o lu b ility , adequate pa rtic le  
s ize and high m echanical s ta b ility  are essen tia l for the preparation 
o f ac tive  inso lub le  cova len tly -im m ob ilized  enzymes.
Manecke and GUnzel (1962) and Maeda and Suzuki (1972) found 
that the amount o f im m obilized enzyme bound to ca rrie r was increased 
when the partic le  size of the carrie r decreased. The chem ical 
com position o f the polymer plays an important ro le in determ ining the 
amount o f enzyme im mobilized (Maeda and Suzuki,1972 ; Bunting and 
La id le r, 1972).
Methods to achieve higher enzyme a c tiv ity  upon im m obiliza tion  
include the cova lent attachment o f : -
(a) An enzyme in the presence o f substrate or com petitive  
in h ib ito r.
(b) A Zymogen precursor. C ova len tly  im m obilized zymogens 
o f chym otrypsin (Brown et a j. . , 1972), thrombin (Engel et a l . ,
1966) and plasmin (Rimon et aj.. ,  1966) have been reported.
(c) A chem ica lly  m odified enzyme e .g .  Epton and Thomas (1971) 
treated tryp s in  w ith  N -acetylhom ocyste ine th io lac tone  to introduce
free su lphydry l groups into the m o lecu le . The resu lting  
th io l de riva tive  was then attached to E nzacry l®  p o ly th io l. 
S im ila rly  urease (Riesel and K a tcha lsk i, 1964) and papain 
(G oldstein et a L , 1970) were f ir s t  treated w ith  p-m ercuribenzoate 
and the resu lting  de riva tives  were cova len tly  linked to  d iffe re n t 
w a te r-so lub le  supports and then ac tiva te d .
(d) An enzyme cross linked  to  inactive  protein such as album in 
using a b ifu nc tiona l reagent (Broun et a l . ,  1973).
( ii)  Carriers fo r im m obilized enzym es.
The f ir s t  stage in the preparation o f im m obilized enzyme is 
the preparation of a reactive  polymer tha t is capable o f reaction 
w ith  the enzyme. This has been achieved by one o f two m ethods.
(1) The in troduction o f reactive  groups in synthetic  or natura l 
polym ers. (2). Polym erization o f reactive  monomers. Carriers 
can be d iv ided into three categories and w i l l  be discussed separa te ly ,
(a) Organic c a rr ie rs .
C arbohydrates. The natural polymer ce llu lose  has been used by 
many w orkers. The hydrazide o f carboxym ethyl ce llu lo se  (C M -c e llu lo  
has been w id e ly  used as a support m a te ria l. M itz  and Summaria 
(1961) used the C urtius azide method fo r the preparation o f ce llu lo se  
d e r iv a tiv e s .
A lte rn a tive ly , the ce llu lo se  hydroxyl group can be acyla ted 
(Jagendorf et aj.. ,  1963).
Both these ce llu lo se  de riva tives  w i l l  couple w ith  the phenolic 
residue o f tyros ine and, to a lesser ex ten t, w ith  e ither the im idazole
nucLeus or msticune or tne maoLe nucleus or tryptophan.
Cyanuric ch loride and its  de riva tives (triaz ines) are frequently  
used as reagents for coupling enzymes to ce llu lo s e . Kay and 
Crook (1967) prepared ch lo ro -s -triaz in e - ce llu lose  fo r the coupling 
o f enzymes. Kay and L i l ly  (1970) and Preuveneers et a t . (1973)
have prepared ce llu lose  de riva tive  by using 2 -a m in o -4 , 6 -d ich lo ro - 
s - t r ia z in e .
Several other methods have been used fo r the im m obilization o f 
enzymes on c e llu lo s e . Axen and Ernback (1971) im m obilized 
chymotrypsin and tryps in  w ith  ce llu lose  using cyanogen bromide 
method. Barker e ta j . .  (196 8) attached a-am ylase to 3 -(p -a m in o - 
phenoxy)2-hydroxypropyl ether o f c e llu lo s e . The ary l n itro  group 
was reduced to ary lam ine, which was d iazo tized  by HNCL in W HCL.
O  '
Lynn and Falb (1969) attached several enzymes to am inoethyl 
ce llu lo se  by c ross link ing  the ce llu lose  de riva tive  to the enzyme v ia  
g lu ta ra ldehyde .
W e liky  et a l . (1969) imm obilized horseradish peroxidase to
C M -ce llu lo se  by using N 'N '-d ic y c lo h e x y l carbod iim ide.
■'■-vbjbiy Sephadex and Sepharose (agarose) have been commonly 
used as supports fo r enzymes (Axen et a I . , 1967). The most 
frequently  used method fo r coupling invo lves cyanogen bromide 
ac tiva tion  o f the carrie r hydroxyl groups. Axen and Porath (1966) have 
also prepared the de riva tives  of Sephadex fo r the im m obiliza tion  o f 
tryps in  and chym otrypsin .
Amino acid po lym ers. Amino acid co-polym ers were among the 
ea rlies t carriers used fo r im m obilized enzymes . Katcha lsk i and 
co-w orkers have ex tens ive ly  studied these supports. The co-po lym er
most ex tens ive ly  used is tha t o f L - le u c in e  and p-am ino-D L-  
phenyla lan ine . The ca rrie r is produced by the copolym erization 
o f N -ca rb oxy -L -le uc ine  anhydride^ N -benzyloxycarbonyl-D ,L- 
phenylalanine anhydride and a , N -carboxy-p-am ino in dioxane 
using trie thy lam ine  as an in it ia to r  (Bar-E li and K a tcha lsk i, 1960)
The resu lting  polymer is treated w ith  hydrogen bromide in g la c ia l 
ace tic  acid and then w ith  6N H C l. The copolymer is d iazo tized  
by treatment w ith  n itrous a c id . S im ila rly  Riesel and K atcha lsk i
(1964) prepared po ly(p -am ino -D , L -pheny la lan ine /g lyc ine ) and 
po ly(p -am ino -D , L -p h e n y la la n in e /L -a la n in e ). Wagner et a l .
(1968) used a com m ercia lly ava ilab le  copolymer o f L -a lan ine  and 
L-g lu tam ic  acid to im m obilize chym otrypsin .
Patel eta_l. (1969) prepared poly(aspartic a c id /a la n in e /g lu ta m ic  
acid) fo r the im m obilization o f enzymes.. The carrie r was activa ted 
by W oodward's Reagent K (N -e th y l-5 “ phenylisoxazolium -3 '-su lp h o n a te ).
Nylon and polystyrene tubes. Hornby and co-workers (F ilippusson 
et a L  , 1972; and Sundaram and Hornby 1970) have done most o f the 
work in th is  area. The hydrophobic polystyrene support is  f ir s t  
n itra te d , reduced to polyamino styrene and then d ia z o tiz e d . The 
protein is then linked to the support v ia  diazonium linkages .
Grubhofer and Schleith (1953) f ir s t  coupled pepsin, ribonuclease 
and a -am ylase to  d iazo tized  po ly -p -am inosty rene . The extreme 
hydrophobic nature o f polystyrene m ight lim it the use o f th is  support. 
Nylon is more hyd roph ilic  and may be a more su itab le  support fo r 
enzyme im m obilization in genera l.
V in y l polymers . Lev in et a l . (1964) pioneered the use o f po ly
(e thy lene/m a le ic  anhydride) as a ca rrie r fo r coupling enzym es.
They studied the e ffect o f a po lyelectro ly t ic  ca rrie r on the k in e tic
properties o f im m obilized enzymes. G oldste in et a_l., (1964) and 
G oldste in  (1972) have e xce lle n tly  discussed the e ffec t o f environment 
on the properties o f im m obilized enzymes. The -c-amino groups o f 
the lys ine residues were assumed to  react w ith  the m ale ic anhydride 
residues o f the polymer. The partia l neu tra liza tion  and c ross link ing  
was effected by hexam ethylenediam ine. Inman and D in tz is  (1969) 
have described a method fo r the m od ifica tion  o f polyacrylam ide beads 
and th e ir  use fo r the im m obiliza tion  o f enzymes.
Barker et aj,. , (1970); Epton et aj.. ,  (1972) and Calam and Thomas 
(1972) have reported the use o f hyd roph ilic  copolymers based on 
acrylam ide and acrylam ide de riva tives  ca lled  E nzacry ls . Enzacryls 
are the trademark o f Koch-Light Laboratories and are further designated 
as Enzacryl AA, A H ,C ,P o ly th io lac tone  or P o lyace ta l.
(b) Inorganic ca rrie rs .
Inorganic carriers have the fo llo w in g  advantages over organic 
c a rr ie rs .
(1) They are not susceptib le  to a ttack by m icroorganisms or 
enzym es.
(2) They do not change th e ir configura tion  over an extensive 
pH range, pressure or under d iffe re n t so lvent con d ition s .
(3) Enzymes coupled to inorganic carriers may be more stable 
during opera tion .
(4) Regeneration.
W ee ta ll (1970) reported tha t try p s in , f ic in ,  papain and glucose 
oxidase coupled to 'an  inorganic ca rrie r had the above advantages 
over these enzymes coupled to organic polym ers.
Porous glass . I t  is  frequently  used as a ca rrie r in the im m obilization 
o f enzym e.
W eeta ll and Baum (1970); Royer and Green (1971); Line et a l .
(1971); Robinson e ta j . .  (1971); Mason and W ee ta ll (1972);
D ixon eta_l. (1973) and many others have used g lass and glass 
de riva tives  fo r enzyme im m ob iliza tion . Barker eta j . .  (1971) have 
used a method based on the ac tiva tion  o f natura l or synthetic  carriers 
such as c e llu lo se , nylon o r g lass w ith  sa lts  of tra ns itio n  m e ta ls .
N icke l screen . G lucose oxidase was cova len tly  coupled to 
n icke l oxide on N i-screens by W ee ta ll and Hersh in 1970. The 
carrie r used may have the fo llow in g  advantages over porous g lass 
or organic c a rr ie rs .
(1) Lower c o s t .
(2) Greater flow  rates .
(3) Reduced pore d iffu s io n .
(4) E lim ination o f charge-charge in te rac tions .
(c) M isce llaneous ca rrie rs .
Klotz e t a l .  / (1971) coupled the water soluble organic polymer, 
po lyacry lic  acid to an inorganic m a trix , g lass,  and used them as 
carriers fo r the im m obiliza tion o f enzymes. Hough and Lyons (1972) 
reported the coupling o f enzymes onto m icroorganism s. Adsorption 
on co llod ion  membrane (Goldman and Lenhoff, 1971) has a lso been 
re ported.
The se lection  o f the carrie r depends upon a basic knowledge o f 
the enzyme to be im m obilized . For example, by looking a t X -ray  
crysta llography and the resu lts  o f chem ical m od ifica tion  studies on 
tryps in  (Neureddin and Inagam, 1969), it  can be predicted tha t £-am ino
groups are more su itab le  fo r im m obilization than other types o f amino 
acid (Bruemmer et a_l. ,  1972). The cost o f the ca rrie r, the charge 
on the ca rrie r, substrate and product are also important factors in 
the se lection  o f the ca rrie rs .
( i i i)  Methods o f im m o b iliza tion .
Im m obilized enzymes can be c la ss ifie d  into four main ca tegories.
(a) Physical adsorption onto an inert ca rrie r.
(b) Entrapment in the la ttice  o f a polym erised g e l.
(c) C ro ss -lin k in g  o f a protein w ith  a b ifu nc tiona l reagent.
(d) Covalent binding w ith  a ca rrie r.
(a) A dsorp tion .
Physical adsorption o f an enzyme onto an inso lub le  m a trix  is  one 
o f the sim pler methods fo r preparing im m obilized enzym es. I t  occurs 
when an aqueous so lu tion  o f an enzyme is le ft  in contact w ith  a 
su rface-ac tive  adsorbent. The resu lting  conjugate is washed to 
remove any nonadsorbed enzyme.
The adsorption o f an enzyme onto a w a te r-inso lub le  m ateria l is  
dependent upon the prote in , adsorbent, nature o f so lven t, ion ic  
strength, pH and tem perature. The binding forces invo lved are 
m a in ly  hydrogen b ind ing , m u ltip le  sa lt linkage and Van der W aa l's  
fo rces . Hummeland Anderson (1965) have d iscussed these 
variab les  in d e ta il.
The im m obilization o f an enzyme by adsorption is the cheapest 
method possible as no specia l coupling reagent is used. I t  has the 
advantage that l i t t le  d is rup tion  o f the enzyme structure should occur
during coup ling . Adsorbed enzymes have been used to study models 
o f in v ivo  systems (Katchalski et a j. . , 1971). N ikolaev and Mardashev
(1961) obtained simultaneous im m obilization and pu rifica tion  o f 
asparaginase from a crude homogenate adsorbed on C M -c e llu lo s e . 
Sundaram and Crook (1971) reported a s im ila r find ing when urease 
was adsorbed on k a o lin ite .
The adsorption surface is m ostly  n o n -sp e c ific  and therefore w i l l  
adsorb further protein or other substance into w hich it  comes in contact 
in the course o f its  use. This may a lte r the properties o f im m obilized 
enzyme and enzyme a c t iv ity  may decrease (McLaren and Packer, 1970).
The main disadvantages o f adsorbed enzyme are the desorption 
w hich may be due to change in pH, tem perature, ion ic  strength o r 
even the mere presence o f substrate (M itz , 1956; Tosa et aj.. ,  1969 and 
Sm iley, 1971).
(b) Entrapment in the la ttice  o f a polymerised g e l.
Enzymes can be im m obilized by entrapping them w ith in  the 
la ttice  o f a crosslinked w a te r-inso lub le  polymer. The pore size 
o f the polymerised gel used is enough fo r the free movement o f 
low m olecular w eight substrates and products, but sm all enough 
to prevent leakage o f high m olecular w eight enzyme. This method 
invo lves the formation o f a h ig h ly  cross linked network in the presence 
of an aqueous so lu tion  o f an enzyme.
This method has been used to entrap a -chym o tryps in , papain, 
try p s in , (3-amylase and aldolase (Bernfeld and W an, 1963); urease 
(G u ilbau lt and M onta lvo , 1969); aspartase (Tosa et a l . ,  1973) and 
glucose oxidase and la c tic  dehydrogenase (H icks and U pd ike , 1966).
In most o f the cases the im m obilization is carried out by the
reaction o f acrylam ide and N /N 'm ethylene b is (acry lam ide ). A 
m od ifica tion  o f th is  system has been suggested by Dattagupta et aU : 
(1973) in w hich p -n itrophenylacry la te  is crosslinked along w ith  
acrylam ide g iv ing  greater s ta b ility  to the polymer. Another m atrix > 
tha t has been used to entrap enzymes is starch g e ls , s tab ilised  onto 
polyurethane foam pads, (Bauman et a j, . , 1967).
The to ta l concentration and re la tive  ra tio  o f the monomer and c ro ss - 
link ing  agent determ ine the pore size o f the in te rs t it ia l space w ith in  
w hich the enzyme m olecules are entrapped and the physica l nature 
o f the polymer (H icks and U pdike , 1966; Degani and M iron , 1970; 
Standberg and Sm iley, 1971; M ori e ta j. . ,  1972).
The im m obiliza tion  o f the enzyme by occ lus ion is a simple method 
and provides a considerable choice o f a wide va r ie ty  o f physica l forms 
o f the ca rrie r. This method is genera lly  app licab le  to a l l  enzymes 
as there is no bond formation between the enzyme and the ca rr ie r.
This method is expected to g ive high y ie lds  o f im m obilized enzyme 
a c t iv ity  w ith  no change in the properties o f the enzyme. However, 
free rad ica ls  generated in the course o f polym erization may a ffec t • 
the a c tiv ity  o f entrapped enzyme.
A considerable disadvantage o f th is  method is the leakage o f 
an enzyme from w ith in  the crosslinked polymer. Another d isadvantage 
o f the method is tha t on ly  small sized substrates can d iffu se  in to the 
la ttice  thus making the method unsuitab le fo r enzymes w hich  react 
w ith  large substra tes. The leakage o f the enzyme due to broad 
d is tr ib u tio n  in pore size may be overcome by c ro ss -lin k in g  the 
im m obilized enzyme w ith  g lutara ldehyde (Chang, 1971) .
uom m erciauy ava ilab le  u ltra  f ilt ra t io n  membranes o f w e ll defined 
pore size may also be used to entrap an enzyme in a reactor v e s s e l.
The choice o f a particu la r membrane is d ic ta ted by the m olecular 
size o f the enzyme and the products to be obtained . M a rsha ll and 
W helan (1971) have im m obilized ^-am ylase w ith in  an u ltra  f i lt ra t io n  c e ll .  
S im ila rly , Boudrant and C hefta l (1973) imm obilized invertase and no loss 
o f a c t iv ity  was observed, for fiv e  days.
Chang et aj[. (1966) developed a method o f im m obiliz ing  enzymes 
w ith in  m icrocapsu les, prepared by p rec ip ita tion  o f nylon o r co llod ion  
around em uls ified drople ts o f so luble enzyme. C e llu lose  acetate 
butyrate (Gardner et aJL., 1971) and polystyrene (Chang, 1964) have 
a lso been used fo r m icrocapsule form ation . This method has been 
used fo r the encapsulation o f carbonic anhydrase (Boguslaski and 
Janik, 1971), L-asparaginase (Chang, 1971b), p -ga lac tos idase  
(Ostergaard and M a rtin y , 1973), cata lase and urease (Mogensen and 
V ie th , 1973). M ic ro -encapsu la tion  a llow s the simultaneous 
im m obiliza tion  o f many enzymes in a s ing le step and overcomes the 
problem o f leakage o f enzyme, because an appropriate uniform pore 
size o f the semipermeable membranes can be produced.
(c) C ro s s - lin k in g .
Im m obilized enzymes have been prepared by c ro s s -lin k in g  o f the 
pro te in , e ither to  func tiona l groups o f the carrie r or to other protein 
m o lecu les. The c ro ss -lin k in g  was brought about by the use o f 
b ifu nc tion a l or m u ltifunc tio na l reagents. One part o f the reagent is 
used to react w ith  an appropriate fu n c tio n a l group on the ca rrie r and 
the other part is used to  bind the enzyme. The b ifu nc tion a l c ro ss - 
link ing  agents may e ither possess two ide n tica l func tiona l groups
or two d iffe ren t func tiona l groups.
G enera lly c ro s s -lin k in g  is best used in con junction w ith  one o f 
the other m ethods. Its  possible use o f preventing leakage from 
polyacrylam ide ge ls has already been m entioned.
(d) Covalent b in d in g .
Undoubtedly the most commonly investigated way o f im m obiliz ing 
enzymes is the method o f covalent b in d in g . The functiona l groups 
o f protein su itab le  fo r covalent b inding under m ild  conditions include 
the im idazole group o f h is tid in e , the th io l group o f cys te in e , 
a -ca rboxy l group o f the chain and p and y -ca rboxy l groups o f 
aspartic  and g lu tam ic a c id s , the hydroxyl groups o f serine and 
threon ine, the a -am ino groups o f the chain and the 6-am ino group 
o f lys ine  and a rg in ine , the indole ring o f tryptophan and the phenolic 
group o f tyrosine (H e rrio t, 1947). I t  is also possible to convert 
some groups o f prote ins, w hich are non-essen tia l for its  b io lo g ica l 
a c t iv ity ,  into new functiona l groups w hich may be u tiliz e d  in the 
binding o f the m odified protein to  the appropriate carrie r (Silman and 
K a tcha lsk i, 1966)
A number o f polymers used fo r cova lent binding o f d iffe ren t enzymes 
by various methods had been b r ie fly  d iscussed ea rlie r in section 
'ca rrie rs  fo r im m obilized enzym es'.
The covalent attachment o f an enzyme to  numerous carrie rs  by 
a w ide va rie ty  o f b inding techniques offers several advantages. The 
im m obiliza tion  is dependent on the form ation o f a covalent bond between 
the support and the enzyme. As a re su lt the im m obilized enzyme may 
exh ib it superior chem ical or physical properties re la tive  to the so lub le  
enzyme. I t  is extrem ely h e lp fu l, i f  not essentia l to know about the 
enzyme structure or active  s ite  o f the enzyme. A "s h o t- in - th e -d a rk "
approach can be used, but enzymes are extrem ely sens itive  to 
environments and some methods may re su lt in complete loss o f 
enzymic a c t iv ity .
The fa r-reach ing  ob jec tives  in im m obiliza tion  are perhaps the 
pu rifica tio n  and simultaneous concentration w ith  im m obilization o f ' 
enzym es.
(iv) Im m obilized enzyme re a c to rs .
The assay o f an im mobilized enzyme is often com plicated due 
to the presence o f the ca rrie r. A lim ited  number o f methods are 
presently being used to fo llo w  the reac tion , such as spectrophoto­
metry (Mosbach and M a ttiasson , 1970), polarography (Updike and 
H icks , 1967), t itra tio n  (Goldstein et a l . ,  1964) and m icroca lo rim etry  
(Johansson et a l . ,  1973).
(a) Types o f enzyme reactors .
L i l ly  and D u n n ill (1971) c la ss ifie d  the types o f enzyme reactor 
according to th e ir mode o f opera tion , ca ta lys t re tention  and flo w  
ch a ra c te ris tic s .
The operationa l mode o f reactor may be (1) batch s tirre d ,
(2) continuous flo w  s tirre d , (3) packed bed, (4) loop recyc le  and these 
are shown be low .
Batch stirred CFST Packed bed Loop recyc le
tank or
p lu g  f l o w
In  p lu g -flo w  reactor (PFR) the conditions at every point aLong 
the reactor are d iffe ren t but constant w ith  tim e . There is no m ixing 
in the d ire c tion  o f f lo w . In PFR upward flo w  is  preferred to downward 
flo w  as there is less chance o f c logg ing . In stirred tank reactors 
the cond itions are un iform .
P lug -flow  reactors are frequently  used fo r the assay o f 
im m obilized enzymes. Bar-E li and K atcha lsk i (1963) used th is  type 
o f reactor fo r the study o f im m obilized try p s in . S im ila rly  L i l ly  et a l . 
(1966) ,  W ilson  et a l - -  (1968) ,  Tosa et a l.  (1969),  W eeta ll (1971)  
and Mandeis et a j, . . (1971) have also used packed-bed reactors fo r 
the assay o f im m obilized enzymes.
Batch as w e ll as continuous enzyme reactors can be stirred 
con tinuously  and are ca lled  batch stirred and con tinuous-flo w  stirred 
tank reactors re sp e c tive ly . Smiley (1971) used a continuous stirred 
tank reactor fo r the conversion o f starch to glucose using im m obilized 
g lucoam ylase . Butterworth et a l . (1970) and O 'N e ill et a l.  (1971a). 
demonstrated the app lica tion  o f an u ltra filtra tio n  reactor system fo r 
the app lica tion  o f im m obilized enzymes.
(b) M u lti-enzym es re a c to rs .
An understanding o f m ulti-enzym es reactor, in w hich the product 
o f one enzym e-catalyzed reaction is  the substrate fo r another enzyme 
in a sequence, is h ig h ly  desirab le  fo r the understanding o f b io lo g ic a l 
system s. In a m ulti-enzym es reactor several imm obilized enzym es, 
prepared e ither s im ultaneously or sequen tia lly  are used. Simultaneous 
im m obiliza tion  is  the coupling o f two o r more^ enzymes in the same 
v ic in ity  at the same tim e , w h ile  sequentia l im m obiliza tion  re fers to
the binding o f one enzyme at a tim e and then arranging them in order.
Goldman and K atcha lsk i (1971) gave the theore tica l k in e tic  
behaviour o f a two enzyme membrane supported system . W ilson  et a l . 
(1968a) im m obilized separately pyruvate kinase and lacta te dehydrogenase 
on ce llu lo se  sheets and studied th e ir  properties in a two-enzym e 
packed bed reac to r. Separately im m obilized phosphoglucoisom erase, 
phosphofructokinase and aldolase have also been investigated in 
packed bed reactor by Brown et a l . in 1968. Two s im ultaneously 
im m obilized enzymes, hexokinase and glucose 6-phosphate dehydro­
genase were investigated by Mosbach and M attiasson (1970). They 
found an increase in the reaction ra te fo r both a Sepharose and a 
copolymer a c ry la m id e -ac ry lic  acid  system in comparison w ith  a so lub le  
system . M attiasson and Mosbach (1971) a lso studied the 3-enzym es 
system o f p -ga la c to s ida se , hexokinase and glucose 6-phosphate 
dehydrogenase.
(c) Factors a ffec ting  the choice o f enzyme re a c to rs .
According to L i l ly  and D u n n ill (1971) the choice o f enzyme reactor 
is dependent on the fo llo w in g  parameters .
O perational requirem ents. The choice o f enzyme reactor is  m ostly  
d ic ta ted by operationa l requirem ents. For instance, in most b iochem ica l 
reactions it  is essen tia l to con tro l pH and tem perature. This can be 
done much more e a s ily  in a s tirre d -tan k  reactor than in a p lu g -flo w  
reacto r. Substrate feeding during the reaction can be done more e a s ily  
in a p lu g -flow  reactor than in a continuous stirred tank reacto r (CSTR).
I f  the substrate contains some undissolved so lid  it  is  a lw ays be tte r 
to use a CSTR.
Reaction cost and u t i l iz a t io n . The cost o f reactors w i l l  vary 
g re a tly . G enera lly the s tirred -tank  reactors are the cheapest 
because o f th e ir  re la tive  s im p lic ity  and f le x ib il i ty  fo r use . In the 
design o f an im m obilized enzyme reactor, certa in  parameters such as 
ca ta lys t s ize , liqu id  stream flo w  ra te , temperature, pH, e tc . ,  must 
be considered and contro lled  to get optimum y ie ld .
C a ta lys t replacement or regenera tion . In  a 'c losed ' system , 
the output w i l l  decrease as the im m obilized enzyme loses its  a c t iv ity .  
The ca ta lys t must then e ither be replaced or regenerated. G enera lly 
the ca ta lys t cannot be regenerated and must be rep laced. Fresh 
c a ta ly s t, im m obilized enzyme or whole ce lls  may be added to a 
CSTR w ithout in terrupting the process.
Reaction k in e t ic s . The choice o f reactor type is m ostly  d ic ta ted  
by the k in e tics  o f the im m obilized enzyme to be used. M ost 
consideration has been given to the study o f the k in e tic  properties 
o f im m obilized enzymes in packed bed (Bar-E li and K a tch a lsk i, 1963; 
L i l ly  e ta j. . ,  1966 and Tosa et a l . ,  1969) and continuous s tirred tanks 
reactors (L il ly  and Sharp, 1968). L i l ly  and Sharp (1968) compared these 
two reactors fo r a simple one substrate enzyme reaction whose k in e tic s  
are described by the M icha e lis -M e n te n  equation . The performance o f 
the reactors are given by the fo llow ing  equations..
p lu g -flo w  reactor PS -  K In (1 -  P) = k ~  'o m q
CSTR PS + K -— ^ - r -  = k -o m 1 -  P q
Where S is the input substrate concentration o
P is the portion o f the substrate converted to product in  the 
reacto r.
K is the apparent M ich a e lis  constan t, m
E is the to ta l enzyme present in the system .
k is the rate constant fo r the breakdown o f ES com plex.
and q is the flo w  ra te .
At low  substrate concentra tion/ (SQ^ .  K^) / the re la tive  performances
o f the two reactors are ve ry  d iffe ren t and a PFR is more e ff ic ie n t man
than a CSTR i f  a high degree o f ,conversion o f substrate to  product
is requ ired . Therefore more enzyme w i l l  norm ally be required fo r
the CSTR than for a PFR. An exception to the above behaviour was
noted for an im m obilized fic in -co lum n  (L illy  e t 'a l . , 1966) . L i l ly  et a l . .
(1966) suggested tha t th is  d iscrepancy could be due to the in a c c e s s ib ility
o f some o f the f ic in  m olecules to substrate m olecules because o f the
much c lose r proxim ity  o f the. ce llu lo se  fibe rs inherent in the packing
o f the colum n. As the flow  rate was increased/ maximal a c t iv ity
increased and K became lower and approached the va lue o f K m _ m
obtained in a s tirred suspension. S im ila rly  at high substrate
concentra tion / (S K ) the two equations given above become 
o '  m
iden tica l and therefore both reactors should behave id e n tic a lly .
The e ffec t o f substrate in h ib itio n  has been considered by O 'N e ill 
(1972). Balcom et aj.. (1971) found tha t imm obilized cata lase was 
inactiva ted in a PFR. O 'N e il l  (1972) pointed out that th e o re tic a lly  
a CSTR is better in th is  case than a PFR. This ina c tiva tion  can be 
reduced in a PFR by feeding the substrate at several points along 
the reac to r. In a CSTR the leve l o f hydrogen peroxide in contact 
w ith  enzyme would always be lower than in a PFR and thus the rate 
o f enzyme ina c tiva tion  should be reduced. A lte rn a tive ly / i f  substrate 
s ta b ilise s  the enzyme/ then the rate o f enzyme in ac tiva tion  w i l l  be 
lower in a PFR than in a GSTR since the concentration o f substrate
is  always higher in a PFR. I t  also fo llow s  tha t the enzyme near 
the o u tle t o f a PFR w i l l  be inactiva ted more ra p id ly  than the enzyme 
near the substrate in le t .
The e ffec t o f product in h ib itio n  is more pronounced in a CSTR 
than in a p lu g -flo w  reacto r. The theory o f the e ffects  o f revers ib le  
substrate and product inh ib ito rs  on con tinuous-flow  enzyme reactors 
has been ou tlined  by L i l ly  and D u n n ill (1972). The practica l e ffec ts  
o f in h ib itio n  on im m obilized p e n ic illin  amidase in  a CSTR have been 
Investigated by W arburton et a l.  (1973). F in a lly  O 'N e ill (1972) 
d iscusses the p o s s ib ility  o f using a series o f CSTR's where a PFR 
is favoured, since several CSTR's in series approach the behaviour 
o f a PFR.
(v) Properties o f im m obilized enzym es.
M any investiga to rs have found tha t the physica l and chem ical 
properties o f im m obilized enzymes d iffe r  in several ways from those 
o f the native enzym es. These d iffe rences have been a ttribu ted  to 
both the physica l and chem ical properties o f the carrie rs w hich may 
a lte r the m icroenvironm ent around the im m obilized enzyme / o r to some 
a lte ra tion  o f the enzyme its e lf  on im m ob iliza tion . M a jo r factors 
to do w ith  the ca rrie r w hich may change the m icroenvironm ent are the 
d iffu s io n  layer around the im m obilized enzyme, the s te ric  repu ls ion  
o f substrate or product, m olecular s ize and f le x ib i l i ty  o f the ca rr ie r, 
hyd roph ilic  or hydrophobic nature o f the carrie r and e le c tro s ta tic  
in te ra c tio ns . These factors a ffec t the properties of im m obilized 
enzymes and are d iscussed be low .
(a) A c t iv ity .
According to  Sundaram and h is  com m ittee's recommendation (1971), 
the a c t iv ity  o f an im m obilized enzyme should be expressed as the 
number o f mmoles o f substrate converted to product/m  in/m g o f dry 
im m obilized enzyme under c lea rly  specified  cond itions . They also 
recommended tha t i f  the enzyme was bound to a surface ( i .e .  membranes, 
tubes, e tc .)  the a c t iv ity  should be reported as the in it ia l v e lo c ity  
(jim o le /m in) per un it area o f covered surface, measured under c le a rly  
specified  con d itions .
The amount o f protein bound to  the carrie r va ries  according to 
the enzyme, method o f im m obiliza tion conditions employed during 
b ind ing , nature o f the ca rrie r and even w ith  the ind iv id ua l experim enter. 
The a c t iv ity  obtained can vary from zero (G oldstein et a l.  „ 1971) to 
an even higher (Manecke e t a l . , 1970) value than that o f the native 
enzym e.
Axen and Ernback (1971) and Barker et a I . (1971) made an abortive
attempt to  corre late the a c t iv ity  o f an imm obilized enzyme and the 
amount o f protein bound on the c a rr ie r. However, Axen et a l.  (1970) 
succeeded in showing tha t the a c tiv ity  o f cova len tly  bonded 
a -chym o tryps in  could be increased by d isso lv in g  the Sepharose 
w ith  dextranase. This ind icated tha t some o f the reduction in a c t iv ity  
on im m obiliza tion  was due to in a c c e s s ib ility  o f the enzyme active  
s ite  to the substra te .
(b) S ta b ility .
The s ta b ility  o f enzymes m ight be increased or decreased on 
im m obilization depending on the m icroenvironm ent caused by the 
presence o f the carrie r . The s ta b ility  o f enzymes is a vague term
and w i l l  be d iscussed as s ta b ility  toward heat, pH, storage and 
denaturating agents such as urea. In  general there are five  main 
ways in w hich the loss o f a c t iv ity  o f an im mobilized enzyme may 
occur (Kay, 1968).
(1) Loss o f enzyme from the ca rr ie r. The enzyme may be 
so lu b ilized  e ither by so lu b iliza tio n  o f a fragment o f the ca rrie r or 
by the breakage o f the lin k  between the enzyme and the support 
i . e .  by desorption or h yd ro lys is .
(2) Loss o f support m a te ria l. The carrie r or support m ateria l 
may d is in tegra te  and pass out o f the enzyme reactor through the 
re ta in ing system . — /
(3) B locking o f the enzyme active  s ite  e .g .  fu rther chem ical 
reaction may lead d ire c tly  or in d ire c tly  to  the b locking o f enzyme 
ac tive  s i te .
(4) C losing o f the carrie r structure by contraction o f ion-exchange 
gel at higher ion ic  strength.
(5) B locking o f the so lid  structure by a ir  or by so lid  m ateria l 
inc lud ing m icro -organ ism s.
M ost o f these d if f ic u lt ie s  can be overcome by se lec ting  a more 
su itab le  ca rrie r and by pro per methods o f im m ob iliza tion .
Thermal s ta b il ity .  The thermal s ta b il ity  o f an im m obilized 
enzyme may be increased or decreased. Greater therm al s ta b ilit ie s  
o f the im m obilized enzymes have been reported fo r la c tic  dehydrogenase 
attached to DEAE-cellu lose (W ilson et a l . ,  1968), g lucose oxidase 
im m obilized on cellophane sheet (Brown et a j, . , 1969), a and p amylase 
coupled to  polyacrylam ide (Barker e t a l . , 1970), am yloglucosidase 
on DEAE-cellu lose (O 'N e ill et a l . , 1971), L-asparaginase bound to 
nylon tubing (A llison et a l . ,  1972) and tryptophanase attached to
p-aminobenzamidohexyl-Sepharose (Ikeda and Fuku i, 1973). The 
thermal s ta b ility  o f the enzymes was also found to decrease on 
im m ob iliza tion . For example, papain bound to leuc in e -p -am ino - 
phenylalanine copolymers (Silman et a l . , 1966), papain on co llod ion  
(Goldman e ta j. . ,  1968), peroxidase on C M -ce llu lo se  (We I ik y  e ta j . . ,
1969) and papain on p-am inobenzyl ce llu lose  (G oldstein et a l . , 1970).
The same enzyme when im m obilized on d iffe ren t carriers can have 
e ithe r increased or decreased s ta b ility  when compared to the native 
enzyme. For instance, c ro ss -lin ked  papain adsorbed on co llod ion  
membrane has less thermal s ta b ility  (Goldman, e t a l .  / 1968) w h ile  papain 
bound to porous g lass has greater thermal s ta b ility  (W ee ta ll, 1970) . 
S im ila rly  L-asparaginase im m obilized on C M -dextran was more stable 
than when bound to C M -ce llu lo se  (Hasselberger et aj.. ,  1970). The 
same enzyme iso lated from d iffe ren t sources may show an increased 
or decreased thermal s ta b ility  when compared to the native enzyme 
when im m obilized on the same carrie r (Erlanger et a l . ,  1970).
S im ilar thermal s ta b ilit ie s  o f im m obilized enzymes were obtained 
fo r apyrase bound to C M -ce llu lose  (Whittam et a L , 1968), c h o lin -  
esterase cova len tly  bound to Sepharose (Axen et a l . , 1969) and 
invertase adsorbed on DEAE-cellu lose (Maeda and Suzuki, 1972).
Storage s ta b i l i t y . Storage s ta b il ity  o f im m obilized enzymes 
under wet (usua lly  in a buffer at appropriate pH and temperature) 
or dry conditions ( ly o p h iliz e d ), is  often greater than tha t o f the 
na tive enzymes. A lthough, the s ta b il ity  varies w ith  ca rrie r, method 
o f im m obiliza tion  enzyme and storage cond itions .
Protease enzymes are protected from se lf-d ig e s tio n  by im m o b iliza tion . 
W eeta ll (1970) studied the storage s ta b ility  o f f ic in ,  papain and tryp s in
coupled to  various ca rrie rs . He found tha t enzymes coupled to 
organic carriers were less stable than enzyme bound to inorganic 
carrie rs  under various storage con d ition s .
The storage s ta b il ity  o f the fo llo w in g  enzymes was increased 
on im m obiliza tion : F ic in  attached to C M -ce llu lo se  (Hornby et a I . ,  
1966) chym otrypsin coupled to C M -ce llu lo se  (M itz  and Summaria, 
1961), try p s in  coupled to polyamino acids (Bar-E li and K a tch a lsk i, 
1963), try p s in  (Levin et a l . ,  1964) and chym otrypsin and papain 
(G o ldste in , 1970) to e th y lene -m a le icac id  d e riva tive s , chym otrypsin 
to Sepharose de riva tives  (Axen et a l . ,  1970) and ribonuclease A on 
agarose (Axen et a I . ,  1971). But the storage s ta b ility  o f g lucose 
oxidase was decreased on im m obiliza tion (W eeta ll, 1970).
pH s ta b i l i t y . Normal im m obilized enzymes show enhanced 
p H -s ta b ility  as compared to the native enzymes . T ryp s in .co va le n tly  
coupled to p-am inophenylalanine and L -leuc ine  was more stab le  
toward a lka line  pH's than native tryp s in  (Bar-E li and K a tch a lsk i, 1963). 
On the other hand, papain and subtilopeptidase A coupled to S-MDA 
showed the same and enhanced (toward lower pH's) s ta b il ity  
respec tive ly  (G oldstein et a l . , 1970).
M isce llaneous s ta b ilit ie s  . The benefits  o f increased s ta b il ity  
are rea lized most during the actua l use o f im m obilized enzyme fo r 
repeated or continuous substrate conve rs ion . TosaetaJ_. (1969) 
worked w ith  the column o f am ino-acylase bound to  d iffe re n t DEAE- 
Sephadex beads fo r 20 days. Depending on the form o f DEAE- 
Sephadex beads from 40 to 65% o f the o r ig in a l a c t iv ity  rem ained- 
Glucoamylase lon 'ica lly  bound to DEAE-cellu lose remained a c tive  in
a continuous stirred reactor for 25 days w ith  on ly  15% loss in a c t iv ity  
(Sm iley, 1971). S ta b ilit ie s  under conditions o f continuous use o f 
tryps in  and papain (Epton et aj.. ,  1971) on Enzacryl P o lyaceta l, 
p e n ic illin  amidase on DEAE-cellu lose (Self et a j.., 1969), glutamate 
dehydrogenase on collagen (Julliard et a l. , .  1971), carbamyl phospho- 
kinase coupled to g lass (M arsha ll, 1973) and papain on ZrO coated 
porous g lass (W eetall and M ason, 1973) have been reported and are 
probably more v a lid  than other types o f s ta b ility  measurement.
The e thy lene -m a lic  acid copolymer de riva tives o f tryp s in  and 
chym otrypsin could be lyoph ilized  w ithou t loss o f a c t iv ity .  On the 
other hand, p-am inophenyla lan ine-leucine copolymer d e riva tive s  o f 
both tryps in  and papain los t most o f th e ir a c tiv it ie s  on lyo p h iliza tio n  
(Silman et aj.. ,  196 6). The same im m obilized enzymes were stab le  
when stored in aqueous suspension at 4 °G . The e ffec t o f denaturants 
such as urea, guanidine have been studied on im m obilized enzym es. 
Trypsin coupled to Sephadex (Gabel et a I . ,  1970) was ac tive  in 8M 
urea, but the same enzyme im m obilized on am inobenzylce llu lose 
(Surinov and M ano ilov , 1966) was less stable in urea than the so lub le  
enzyme. Papain (Silman et a_l., 1966) and thrombin (Hussain and 
Newcomb, 1963) attached to a copolymer o f p-am inophenylalanine 
and L -leuc ine  showed s im ila r s ta b ilit ie s  in 4M guanidine hydroch loride 
and g lyce ro l respec tive ly  when compared to the native enzymes.
(c) K ine tic  properties o f im m obilized enzymes. The p H -a c tiv ity  
p ro files and M ich a e lis  constants o f imm obilized enzymes are m ostly  
changed when compared to those o f the native enzymes. These 
changes in th e ir k in e tic  properties may be due to the fo llo w in g
factors (W ilson e ta j. . ,  1968):
(1) S teric hindrance by the support.
(2) Charged groups on the support.
(3) Hydrophobic or hydroph ilic  nature o f the support.
(4) D iffu s io n  lim ita tio n . ;
(5) In h ib ito rs .
P H -a c tiv ity . Shifts in pH-optimum upon im m obiliza tion  have 
been found fo r many enzymes (M elrose , 1971; G o ldste in , 1969 and 
Silman and K a tcha lsk i, 1966). McLaren (1957). found an 
increase in pH optimum o f chym otrypsin adsorbed on nega tive ly  
charged kao lite  partic les by two pH u n its . S im ila rly , the pH 
optimum o f phosphatase was increased by 0 .7  un its  (Ramirezand McLaren 
1966). This was explained by the fa c t that hydrogen ion concentra tion 
at the surface o f the partic les was higher than in the surrounding 
medium . G oldste in  et al_.', (1964) bound tryps in  on m a le ic anhydride- 
ethylene copolym er, po lyanionic ca rr ie r. In  th e ir in it ia l study at 
tow ion ic  strength, the optimum pH was d isp laced toward more 
a lka lin e  pH va lue than the native try p s in . At higher ion ic  strengths 
th is  e ffec t d isappeared. S im ilar e ffec ts  have been observed w ith  
f ic in  (Hornby e ta j. . ,  1966), a -chym otrypsin  (Pate I et aj.. ,  1967), 
apyrase (Patel et a I . ,  1969) and Naringinase (G oldstein et a l . ,  1971).
The p H -a c tiv ity  p ro files o f many enzymes were found to be d isp laced 
to the acid side when im mobilized on po lyca tion ic  ca rrie rs . An ea rly  
example o f th is  behaviour was provided by G oldste in and K a tcha lsk i 
(1968). Again at higher ion ic strength the displacem ent o f p H -a c tiv ity  
curve was p a rtia lly  e lim ina ted . Other examples showing s im ila r
behaviour are p e n ic illin  amidase (Self et a l . ,  1969), a-chym otrypsin 
(Kay and L i l ly ,  1970) and am ylglucosidase (O 'N e ill e t a l . , 1971).
A q u a lita tive  treatment o f th is  phenomenen was given by G o ldste in  
et a L  (1964). The s h ift in p H -a c tiv ity  curves is caused by the 
unequal d is tr ib u tio n  between the po lye lec tro ly te  phase on w hich 
the enzyme is im m obilized and the external so lu tion  o f hydrogen and 
hydroxyl ions . The hydrogen ion concentration in the v ic in ity  o f a 
nega tive ly  charged carrie r is  higher than in the external so lu tion  (the 
phase measured experim enta lly  w ith  a pH m ete r). On the other hand, 
the hydrogen ion concentration in the domain o f a p o s itiv e ly  charged 
support is lower than the surrounding phase. As a re s u lt, im m obilized 
enzyme w i l l  have a hydrogen ion concentration higher or lower than the 
external so lu tio n . Thus, the p H -a c tiv ity  p ro file  o f an enzyme when 
im m obilized on po lyanionic carrie r w i l l  be sh ifted toward a lka lin e  
side and when im m obilized on po lyca tion ic  carrie r toward acid  s ide* 
G oldste in  et a l.  . (1964) ca lcu la ted the e le c tro s ta tic  po ten tia l 
ex is ting  in the po lye lectro ly te-enzym e phase from the s h ift in pH 
a c t iv ity  p ro files assuming a M axw ell-Boltzm an d is tr ib u tio n  o f charge, 
and found agreement w ith  the va lues ca lcu la ted  from po lye lec tro ly te  
theory fo r the appropriate ionised c a rr ie rs .
M icha e lis  cons tan t. The k in e tic  constants o f im m obilized
enzymes are not m ostly  true k in e tic  constants because o f the in fluence
o f physica l factors as mentioned e a rlie r. Hence, according to
Sundaram and h is  com m ittee 's recommendation (1971) k in e tic
constant should be referred to apparent Vmax and apparent K asm
Vmax (app) and (app) re sp ec tive ly .
The magnitude o f the increase in K (app) is dependent onm
various conditions employed during its  determ ination. The d iffu s io n
of substrate from the bu lk so lu tion  into the v ic in ity  o f im m obilized
enzyme can be a major fac to r in an enzyme reac tion . The suspended
im m obilized enzyme partic les are surrounded by an unstirred layer
o f so lvent known as the Nernst laye r. L i l ly  e ta j. .  (1968) postulated
that the concentration o f substrate in the Nernst layer is  lower than
in the bu lk s o lu tio n . T h is , in tu rn , g ives a higher K fo r them
imm obilized enzyme compared to the native enzyme. The rate at
which substrate passes over the inso lub le  partic les a ffec ts  the
th ickness o f the d iffu s io n  film  and hence the K . This exp la insm
the observations o f a lowering o f K on increasing the rate o fm
stirr in g  in a stirred tank reactor or the rate o f substrate feed in  a
p lu g -flo w  reactor (L il ly  e t a j . . , 1968). Kay and L i l ly  (1970) a lso
showed tha t reducing the partic le  size o f the ca rrie r decreased the
d iffu s io n  lim ita tio n  and hence lowered the K va lu e . The va lue  o fm
o f an im m obilized enzyme can be decreased by increasing pore
size of the carrie r and la rge ly e lim ina ting  d iffu s io n  re s tr ic tio n s
(Axen et a j. . , 1970). Axen and co-workers also found a decrease in
Km (app) by grind ing the enzyme conjugate to a sm aller pa rtic le  s iz e .
An increase in K on im m obiliza tion  o f an enzyme has a lso  been m
observed in the cases o f p-galactosidase attached to ce llu lo se  sheets 
(Sharp et a I . ,  1969), papain and sub tilo  peptidase A o n  S-MDA 
(G oldstein et a l . , 1970) and glutamate dehydrogenase on co llagen 
(Ju lliard et a l . ,  1971).
The m olecular w eight o f the substrate has a pronounced e ffe c t
on the a c t iv ity  o f im m obilized enzymes. The re la tive  a c t iv ity  o f
im m obilized enzymes towards high m olecular weight substrates has
been genera lly  found to be lower than toward low m olecular w eight
substra tes. This is obv ious ly  due to the s te ric  in teractions o f
substrate m olecules w ith  the carrie r and may be an advantage in
some cases. Takami and Ando (1968) found tha t inh ib itio n  o f tryp s in
coupled to C M -ce llu lo se  was inve rse ly  proportional to the m olecu lar
w eight o f the in h ib ito r. The m olecular size o f the product is a lso
important and one would expect more product in h ib itio n  in the case
o f im m obilized enzyme.
The ion ic nature o f the carrie r and substrate have a profound
influence on the K o f an im m obilized enzyme. The K (app) has m m
been found to decrease by more than one order o f magnitude when a
substrate o f opposite charge to the carrie r was used. Again, as in
the case o f p H -a c tiv ity  curve, increasing the ion ic  strength o f the
medium decreases the d iffe rence in K (Goldstein et a I . ,  1964).m
I f  the e le c tros ta tic  in te raction  between the charged carrie r and 
charged substrate is responsib le fo r th is  behaviour, i t  should g ive  
higher whenever the charges are the same. Hornby et a L  , (1968) 
and G oldste in (1972) have strongly supported th is  assumption 
experim enta lly .
(vi) A consideration o f the methods ava ilab le  for the regeneration o f
NAD+ and NADP*.
Im m obilized enzymes have attracted much attention due to  th e ir  
po ten tia l uses in industry , m edicine and ana lys is  (Goldman et a l . , 1971)
However ve ry  few coenzyme requiring enzymes have been studied 
in d e ta il.  These enzymes tend to be Labile and require expensive 
coenzymes as one o f th e ir substra tes. The preparation o f stable 
im m obilized enzymes and/o r th e ir coenzymes may overcome some 
o f these problems and so can increase the range o f app lica tions  o f
■ f
im m obilized enzymes. The work on coenzymes NAD and NADP 
and im m obilized enzymes requiring these coenzymes is  considered 
be low .
■ +Larsson and Mosbach (1971) im m obilized active  NAD on
Sepharose-€-am inocaproic acid using dicyclohexyL carbodiim ide
method. The purpose o f using £-am inocaproic acid (6 -am ino-
hexanoic acid) side chain was to improve the s te ric  a v a ila b il ity  o f
the nucleotide fo r added soluble dehydrogenases . The bound
NAD showed on ly  about 0.2% o f coenzyme a c tiv ity  as compared to
that o f the solubLe NAD . However the im mobilized coenzyme
preparation was stable fo r severaL weeks and NADH produced could
~halso be converted back to NAD using lacta te dehydrogenase. They 
proposed tha t th is  low a c t iv ity  m ight be due to  s teric  hindrance between 
the enzyme and the ca rrie r or to a conform ational e ffec t on im m obilized 
NAD+ .
+WeibeL et a l . .  (1971) im m obilized NAD by covalent attachm ent 
to porous and so Lid g lass partic les by a d iazo coupling procedure.
Solid g lass beads were found to be superior to porous g lass beads
•f*
because there was no leakage o f NAD from the so lid  g lass 
d e riv a tiv e . The im m obilized NAD+ was shown to function  as a 
coenzyme in yeast a lcoho l dehydrogenase reaction  but the a c t iv ity
retained on coupling was not quoted.
Im m obilized dehydrogenases have also been prepared. Manecke
(1962) im m obilized a lcohol dehydrogenase on a copolymer o f 
m ethacry lic  acid and m ethacrylic acid m -flu o ro a n ilid e . The 
im m obilized a lcoho l dehydrogenase los t 50% o f its  o rig in a l a c t iv ity  
when stored fo r 14 days. Under the s im ila r cond ition  so lub le  a lcoho l 
dehydrogenase los t 50% o f its  a c t iv ity  a fte r 20 days.
Yeast a lcoho l dehydrogenase has also been coupled to nylon tubes 
carrying a positive  charge and success fu lly  exp lo ited  in automated 
ana lys is  by Hornby et a h  in 1972 . They also im m obilized malate 
dehydrogenase and lactate dehydrogenase. The percentage recovery 
a fte r im m obiliza tion  was not g iven but these preparations are 
apparently com plete ly stable over a period o f 20 d a ys .
H icks and Updike (1966) im m obilized lacta te dehydrogenase (LDH) 
in a polyacrylam ide gel but W ilson  e ta j . . . (1968) studied the properties 
o f D E 52-ce llu lose -LD H  and DE 8 1 -ce llu lo se -L D H . The ce llu lo se  
im m obilized enzyme had 0.92% o f the o r ig in a l a c t iv ity  and was stab le  
fo r 20 m inutes at 55°C (M elrose, 1971).
C hick LDH has been co va len tly  attached to a ry l and a lk y l amino 
g lass using sodium n itr ite  and glutaraldehyde re spec tive ly  (D ixon 
et a t . ,-1973). The la tte r enzyme preparation was stable fo r months 
at 0°C . Preuveneers et a t . ,  (1973) coupled D -3 -hyd roxybu tyra te  
dehydrogenase to DEAE-cellu lose using 2-a m in o -4 ,6 -d ic h lo ro -s  -  
tr ia z in e  as coupling agent. The a c t iv ity  o f the im m obilized D -3 -  
hydroxybutyrate dehydrogenase was 67% o f tha t o f the soluble 
d ia lysed  enzyme but los t 50% of its  a c t iv ity  when stored fo r a period
o f 3 weeks at 4° C .
Chung (1972) im m obilized isoc itra te  dehydrogenase on Sepharose*' 
4B using cyanogen bromide method and studied the production o f 
NAD PH. Between 60 and 75% o f the protein added was im m obilized 
g iv ing  30 to  40% a c t iv ity  as compared to  soluble enzyme. The 
preparation was also stable fo r several months at 0° C .
Mosbach and M attiasson (1970) were the f ir s t  to im m obilize two 
enzymes onto the same ca rrie r. Hexokinase and glucose 6-phosphate 
dehydrogenase were attached to Sepharose 4B and also to  a copolymer 
o f a c ry la m ide -a c ry lic  a c id . They suggested tha t th is  could be used 
as an NADPH generating system and found an increase in the form ation 
o f NADPH w ith  m atrix  bound two enzyme systems amounting to 40-100% 
fo r the Sepharose system and 140% fo r the copolymer system as 
compared to  the soluble enzyme system re sp ec tive ly . This increase 
in e ffic ie n cy  encouraged them to investiga te  a three enzyme system 
(M attiasson and M osbach, 1971). The th ird  enzyme chosen was 
$ -g a la c to s id a se . The e ffic ie n cy  o f the 3-enzymes system 
im m obilized on the same support was even more pronounced than 
the two enzyme system .
Mosbach and M attiasson demonstrated tha t the product formed 
by one enzyme was more e ff ic ie n tly  used by the next enzyme in 
sequence when the enzymes were im m obilized as compared to  the 
soluble enzym es. Their two enzymes system was stable fo r several 
months at -1 5 °  C . However, further k in e tic  properties o f the enzyme 
system were not pub lished.
The aims o f the present work were;
(a) to  produce a 2-enzymes system fo r the production o f NADPH
from NAD+ .
(b) to  examine the properties o f the im m obilized enzymes, and
(c) to  investiga te  the best cond itions fo r the production and
regeneration o f NADPH.
CHAPTER I I
EXPERIMENTAL PROCEDURES
MATERIALS
(i) Enzymes, coenzymes and substra tes .
Adenosine 5-triphosphate disodium sa lt from equine m uscle , 
D -g lucose 6-phosphate disodium s a lt, g lucose 6-phosphate 
dehydrogenase type XV from baker's  yeast, p -n icotinam ide adenine 
d inuc leo tide  from yeast grade V and NAD kinase from chicken liv e r 
were obtained from Sigma Chemical Co.
NAD+kinase from pigeon liv e r , n icotinam ide adenine d inuc leo tide  
phosphate disodium sa lt and n icotinam ide-adenine d inuc leo tide  
phosphate reduced tetrasodium  sa lt were purchased from Boehringer 
Mannheim GmbH.
(ii) Carriers used to im m obilize enzym es.
Sephadex G -25 , Sephadex G -75 , Sepharose 4B and CH-Sepharose 4B 
were purchased from Pharmacia, Sweden. Whatman DE-52 ce llu lo se  
was obtained from H . Reeve Angel. & C o .L td .,  London E .C .4  and g lass 
beads from B. Braun Melsungen Apparatebau, Drahtwort Braunapparate.
( i i i)  Reagents used to im m obilize enzym es.
Bromoacetic a c id , cyanogen brom ide, l-c y c lo h e x y l-3 (2 -m o rp h o - 
linoe thy l) carbod iim ide , d icyc lo h exy l carbod iim ide, ethylene d iam ine , 
N -hydroxysucc in im ide , m etho-p-to luene sulphonate and 2 ,4 ,6 - t r in i t r o ­
benzene sulphonate were obtained from Ralph N . Emanuel L td . and
1 -e th y l-3  (3 -d  imethy lam mo pro py I) carbod iim ide hydrochlor ide • obtained 
from Sigma Chemical Co. Procion b r il l ia n t orange MGS (registered 
trademark o f Im peria l Chemical Industries) was obtained from D ylon 
In te rna tiona l L td . London S .E .26 . Titanium te trach lo ride  was supplied 
by B .D .H . Chemicals L td .
(iv) Standard compounds.
Bovine serum albumin c rys ta llin e  form and m alachite green were 
obtained from Sigma Chem ical C o. and blue dextran 2000 obtained 
from Pharmacia, Sweden.
(v) Other reagen ts .
A ll other reagents were a n a ly tica l grade from B ritish  Drug House 
Chemicals L td .
METHODS 
Preparation o f Calcium Phosphate Gel
Calcium phosphate gel was prepared according to K e ilin  and 
Hartree (193 8) as fo llo w s . Calcium ch lo ride  so lu tion (19 .8  g C aC l2 • 
6H20  per 150 ml) was d ilu ted  to 1600 ml w ith  tap  water and 150 ml o f 
trisodium  phosphate so lu tion  (22.8 g Na^Po^. 12H20  per 150 ml) was 
added w ith  v igorous s tir r in g . The pH o f the m ixture was adjusted to 
7 .4  w ith  d il.a c e t ic  acid and the precip ita te  was allowed to se ttle
down overnight in cold room. Then the precip ita te was washed seven 
tim es by decantation w ith  four litre s  o f w ate r. F in a lly , the precip ita te  
was washed w ith  d is t i l le d  water in a centrifuge and the ge l was suspended 
in a sm all volume o f d is t i l le d  water at 5°C in the dark.
Preparation o f Columns
(i) Sephadex G-2 5 .
40 .0  g o f Sephadex G-25 was allowed to sw e ll in 750 m l o f 0 .0 5  M  
Potassium phosphate buffer at pH 7 .0 in a bo ilin g  water bath fo r one 
hour. A fter the gel had se ttle d , excess buffer was removed u n til a 
fa ir ly  th ick  s lu rry  was ob ta ined . A glass column, 2 . 5 x 2 5  cm, was 
mounted v e r t ic a lly  and the dead space was f i l le d  w ith  the b u ffe r.
The s lu rry was poured into the column and buffer was pumped through 
the column t i l l  a constant flo w  rate was ob ta ined. The hom ogeneity 
o f the column was checked by placing 5 .0  ml o f "Blue dextran 2000" 
at a concentration of 2 m g/m l on the column and e lu ting  i t  w ith  b u ffe r.
Five m ill i l i t re s  o f the eluate was co llec ted  in each tube and the 
ex tin c tion  was read at 640 nm w ith  a Unicam SP 500 Spectrophotometer 
(F ig. 2 .1 ) . F in a lly  the column was equ ilib ra ted w ith  0 .05  M potassium 
phosphate buffer at pH 7 .0  contain ing 1 .5  x  10 ^ M NAD+ and stored 
in the cold room w ith  sodium azide (0.02%) as an an tim ic rob ia l agent.
( ii)  DE 52 -  ce llu lo se  co lum n.
P o ta s s iu m  p h o s p h a te  s o lu t i o n  (10 .0  g /5 0 0  m l)  in  CO^ f r e e  w a t e r
0.6
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F ig . 2 .1 E lution diagram o f Blue Dextran 2000 on Sephadex G -25
column., 2 .5  x  25 cm .
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F ig . 2 .2  E lution diagram o f M a lach ite  green op. DE o2~ceiiu lose
colum n, 5 . 5 x 1 3 . 0  cm.
was poured into a one litre  Buchner fla sk  contain ing 2 00 g o f 
DE 5 2 -c e llu lo s e . The pH o f th is  m ixture was 4 .0 . The s lurry 
was stirred w ith  a magnetic s tirre r and the stoppered Buchner fla sk  
was-connected to a water pump to remove CC^ t i l l  no more bubbles 
were no ticed . Then the pH o f the s lu rry  was adjusted to 7 .0  w ith  
NaOH.
The s lu rry  was poured into a cy linde r contain ing 800 ml o f 0.02 M 
phosphate bu ffe r, pH 7 .0 . Supernatant so lu tion contain ing fines  was 
removed a fte r 30 m in . since t=nh where t=tim e (m inutes), h=tota l 
he ight o f the suspension in the measuring cy linde r (cm), n=a fac to r 
w hich is  2 .4  for DE 5 2 -ce llu lo se . The fine  removing process was 
repeated four tim e s .
This s lu rry was then stirred into 600 ml o f 0.02 M potassium 
phosphate buffer pH 7 .0 , supernatant was removed after 15 m inutes 
and the pH was measured. The process was repeated u n til the 
f iltra te  o f the supernatant liquor had exactly  the same pH as the 
eq u ilib ra tion  bu ffe r.
The equ ilib ra ted s lu rry  was then poured into a v e rtic a l g lass 
colum n, 5.5 x  13.0 cm, and the e ffluen t was allowed to run out 
through the ou tle t at the bottom o f the colum n. The buffer was 
pumped through the column t i l l  the bed height reached a stable va lue 
and constant flo w  rate was obta ined.
Column packing was checked w ith  a very d ilu te  so lu tion  o f 
M a lach ite  green w hich was eluted w ith  0.02 M potassium phosphate 
bu ffe r, pH 7 .0 , and the find ings are shown in F ig . 2 .2 .
F in a lly  the column was stored in a buffer so lu tion con ta in ing  traces
o f toluene as a preservative.
S im ila rly  another DE 52-ce llu lo se  colum n, 2 .5 x 2 5  cm, was 
packed and the homogeneity o f the column was checked w ith  M a lach ite  
green. The re su lts  are shown in F ig . 2 .3 .
Preparation o f Buffers
(i) Sodium borate b u ffe r.
This was prepared by the method o f Bower and Bates (1955).
6.184 g (0.1 M) o f boric acid was d isso lved in 500 ml o f d is t i l le d  
water and the pH was adjusted to 7 .6  by the addition o f 0.1 M 
NaOH. The f in a l volume was brought to 1 litre  and pH was checked 
by using E lectronic Instrum ent L td . (England) pH meter model N o .7030.
( ii)  Krebs-Rinqer phosphate buffer s a lin e .
Phosphate buffer sa line was prepared from the data o f Krebs and 
E gg leston '(1940) by m ixing the fo llo w in g  so lu tions :-- ' .
100 ml o f 0.90% NaCl (0.154 M)
4 ml o f 1.15% KCl (0.154 M)
3 ml o f 1.22% CaC l2 (0.11 M)
1 ml o f 3.82% MgS04 .7H 20  (0.154 M)
20 ml o f 0.1 M phosphate buffer pH 7.4
(17.8 g N a 2 HP04* 2 H20  + 20 ml IN -H C I -  d ilu te d  \
to 1 litre )
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F ig . 2.3 E lution diagram o f M a lach ite  green on DE 52-c e llu lo s e
column 2 .5 x 2 5  cm .
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F ig . 2 .4  Standard graph fo r the estim ation o f protein by Lowry method
( i i i )  0 .2  M Phosphate buffer pH 5 .8  to 8 .0 .
Gomori (1955) method was used to prepare th is  bu ffe r. I t  was 
prepared by m ixing X m l o f 0.2 M NaH^PO^ so lu tion (27.8 g /L ) w ith  
Y ml o f 0.2 M Na^HPO^ so lu tion (53 .65 g o f N a ^ P O ^  7Yi^O/Vi\ie) 
t i l l  the required pH was ob ta ined .
(iv) T r is -M g C l^  b u ffe r.
3 .0275 g o f Tris HCl (0 .05 M) and 0.7115 g o f M gC L (0.007 M) 
were d isso lved  in approxim ate ly 700 ml o f d is t i l le d  w a te r. The pH 
was adjusted to 7 .6  w ith  HGl and to ta l volume was made to one l i t re .
(v) G iycy ig iyc in e  and other b u ffe rs .
0 .2  5 M G iycy ig iyc ine  buffer pH 7 .4  was prepared by adding 
0.1 M NaOH to a so lu tion o f g iycy ig iyc in e  (33.03 g/500 ml) to g ive 
pH 7 .4 and then the f in a l volume was adjusted to 1 litre  by adding 
d is t i l le d  w a te r.
The fo llo w in g  buffers were prepared: M a lic  acid -  NaOH pH 6 .0  
and 7 .0 ; M a lon ic  acid -  NaOH pH 6 .0  and 7 .0 ; M a le ic  acid -  NaOH 
pH 6 .0  and 7 .0 ; G lycine -  NaOH pH 9 .0  and 1 0 .0 ; Boric ac id  -  
NaOH pH 9 .0  and 1 0 .0 ; NaHCOs -  NaOH pH 9 .0  and 10.0 and 
Na2HP04 -  NaOH pH 11 and 12 .
Determ ination of Protein
(i) Warburg and C hris tian  m ethod.
The convenient and rapid method o f Warburg and C hris tian  (1941)
was used fo r the detection and rough estim ation o f protein during the 
iso la tio n  and pu rifica tion  o f NAD k ina se . A so lu tion w hich gives a 
change in ex tin c tion  o f 1 in a 1 cm lig h t path at 280 nm was taken 
to conta in 1 mg o f protein (D ixon and Webb, 1964a).
( ii)  Lowry m ethod.
The Fo lin -C ioca lteaum ethod o f Lowry et al.(1951) was empLoyed 
fo r more accurate determ ination o f protein during the pu rifica tio n  o f
■f
NAD k inase . A standard graph fo r the estim ation o f soluble protein 
by the Lowry method is shown in F ig . 2 .4 .
( ii i)  Itzh a k i and G ii i  m ethod.
A m icrob iuret procedure o f Itzh a k i and G il l  (1964) was used to 
estim ate protein content o f the washings from im m obilized enzymes 
A su itab le  range (2 00 y g  -  1 .0  m g /2 .0  ml reaction m ixture) o f 
bovine serum albumin standards was prepared. Reagents (1) 0.21% 
CuSO^.SH^O in 30% NaOH and (2) 30% NaOH were also prepared and 
mixed as fo llo w s :-
(Al) 2 ml o f d is t i l le d  water + 1 ml reagent (1)
(A2) 2 ml o f protein so lu tion + 1 ml reagent (1)
(B l) 2 ml o f d is t i l le d  water + 1  ml reagent (2) ,
(B2) 2 ml protein so lu tion  + 1 ml reagent (2) .
A ll m ixtures were shaken v igo rous ly  at room tem perature. A fte r
5 m inutes the ex tinc tion  at 310 nm o f m ixture A^ was read aga inst
A, and B0 against B1 g iv ing  values o f D and D re sp e c tive ly . 1 2  I  A B
The d iffe rence , D - D  , gave the required ex tinc tion  o f the prote in .A B
A ll experiments were performed in tr ip lic a te  and average value was 
used. A standard graph, bovine serum albumin concentration against 
ex tinc tion  at 310 nm is shown in F ig . 2 .5 .
Assay of Soluble Enzymes
(i) G lucose 6-phosphate dehydrogenase from baker's yeast.
The amount o f glucose 6- phosphate dehydrogenase (G6PD) in 
the soluble form was determined by a s lig h t m od ifica tion  o f 
Kornberg's method (1950). The standard assay system contained 
42 mM g iycy ig iyc in e  buffer pH 7 .4 , 10 mM M g C ^ / 2 mM glucose
-f-
6-phosphate and 0.08 mM NADP . The reaction was started by the 
add ition  o f a su itab le  amount o f G6PD such that a linear increase in 
ex tin c tion  was obtained fo r a few m inu tes. In the con tro l cuve tte , 
the enzyme so lu tion  was replaced w ith  bu ffe r. The change in 
ex tin c tion  at 340 nm at 25°C was recorded against tim e .
A un it o f G6PD was defined as tha t quantity  o f enzyme w hich when 
added to the assay so lu tion  produced a change in ex tin c tion  at 340 nm
•f-
o f 2 .07 per m inute per 3 ml o f reaction m ixture (1 . Oymole o f NADP 
reduced per minute) at 2 5 °C .
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F ig . 2 .5 Standard graph fo r the estim ation o f protein by m icrob iuret method.
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F ig . 2 .6  L ight absorption of procion b r il l ia n t orange.
The reaction taking pLace In the assay can be represented a s :-
OH
OH
G6PD = O + NADPH + H
OH
OH
+ NADP
OH
OH
D -G lucose  6-phosphate D -G Lucono-5-lac tone 6-phosphate
•j-
( i i)  NAD k in a se .
+(a) NAD kinase from Azotobacter chroococcum .
NAD kinase from A . chroococcum (also ca lled  Azotobacter 
v ine  land ii)  was assayed by the method o f Kornberg (1950) as m odified 
by Chung (1967).
-  ' +
The assay solu tion contained ATP (2 m M )f NAD (1 m M ), 
potassium phosphate buffer (50 mM) pH 7 .0  and magnesium sulphate
•f-
(15 mM) . A su itab le  amount o f NAD kinase was added to  s ta rt the 
reac tion . The assay so lu tion was incubated in a GaIlenkamp o rb ita l 
incubator at 37°C fo r a su itab le  period o f tim e (15 -  30 m inu tes).
The reaction was stopped by immersing the m ixture in a b o ilin g  
w ater bath fo r 1 m inute. The reaction m ixture was then cooled 
im m ediately and l.m l of 0 .05 M  potassium phosphate bu ffe r, pH 7 .0 ,  
was added. The denatured protein was removed by cen trifuga tion  
and a su itab le  amount o f the NADP produced was measured spectro - 
pho to m etrica lly .
The NADP conta in ing so lu tion was added to an assay m ixture 
w hich contained g iycy ig iyc in e  buffer pH 7 .4  (42 m M ), M g C ^
(10 mM) and glucose 6-phosphate (2m M ). The reaction was started 
by the addition o f G6PD and to ta l change in ex tinc tion  at 340 nm was 
measured.
One un it o f NAD kinase was defined as the quan tity  o f the enzyme 
w hich synthesizes 1 jim ole o f NADP in 1 hour under these assay 
c o n d itio n s .
-f-
(b) NAD kinase from pigeon liv e r .
This was assayed in a s im ila r manner to tha t given above except 
tha t the incubation m ixture contained tr is  bu ffer pH 7 .0  (130 m M ), 
nicotinam ide (5 m M ), NAD+ (3.6 m M ), ATP (4 m M ), M g C ^  (6 .7  mM) 
and NaOH (2 mM) as given in the method o f Boehringer Biochemica 
catalogue (1970).
(c) D irec t spectro photometric assay o f NAD k ina se .
4*Purified NAD kinase was also assayed by a d ire c t spec tro -
•f- -f-
photometric method. In th is  case the NADP produced by NAD kinase
in the reaction m ixture was con tinuously reduced by the excess o f
G6PD in the presence o f glucose 6-phosphate to  NADPH.
The complete reaction m ixture contained: ATP (3 m M ), NAD (0 .7  m M ),
M gC l2 (10 m M ), glucose 6-phosphate (2 m M ), g iy c y ig iy c in e  bu ffe r
pH 7 .4  (42 mM) and G6PD. The reaction was started by adding 
+
NAD kinase and the increase in e x tin c tion  at 340 nm was recorded 
against t im e .
The reactions taking place w ere :- 
ATP + NAD+ N^AD : NADP+ + ADP
NADP+ + G6P rG P D -- NADPH + g lucono -5 -lac tone  6-phosphate + H+
Iso la tion  o f N icotinam ide Adenine D inucleo tide  Kinase from
Azotobacter chroococcum .
(i) Growth o f A . chroococcum .
The stra in  o f A . chroococcum (NCIB 8004) was obtained from
N ational C o llec tion  o f Indus tria l Bacteria, Aberdeen, Scotland, U .K .
Burk's nitrogen free medium (Newton et a l . , 1953) conta in ing 15 g / l
oo f Agar was s te rilize d  at 15 Ib /s q .in c h  (121 C) fo r 15 m inutes and
slopes were prepared in s te rilize d  cotton wool plugged te s t tubes.
The ampoule o f the bacteria was opened and a smalL qu an tity  (1-2 ml)
o f s te r ilize d  growth medium was added w ith  a pasteur pipette
a s c e p tic a lly . The slopes were inoculated asce p tica lly  w ith  the
suspension o f the bacteria and incubated at 25°C . A fter one w eek,
when sporula tion was com pleted, the slopes were stored in the cold
room at 4 °C . Fresh slopes were prepared m onth ly.
Com position o f Burk's nitrogen free medium
C onstituents Amount (g /l)
K0HPO. 0.642 4
KH2P0 4 0.16
'MgS04-7H20  0.20
NaCl 0.20
CaS04*2H20  0.05
Mo as Na2M o 04 0.002 5
Fe as FeS04-7H O. 0.0148
Sucrose 20.00
pH was adjusted to 7.3
Burk's nitrogen free medium was used throughout in the present
w ork . A ll the m edia, unless otherw ise sta ted, were s te r ilize d  at
15 lb /s q . inch (121°C) fo r 15 m inutes .
In i t ia l ly  adequate quan tities  o f batch fermentation were obtained 
by inocu la ting  50 ml o f s te r ilize d  Burk's nitrogen free medium into 
a 250 ml steriLized con ica l f la sk  w ith  bacteria from an agar s lope .
A fte r three days growth at 25°C in a water bath shaker, th is  shake 
cu ltu re  was used to inoculate 10 l i t re  o f ferm entation medium.
Fermentation was carried out in a M icro Ferm Laboratory 
Fermenter (New Brunswick S c ie n tific  C o. In c . ,  New Brunsw ick, N .J . ) . 
The rate o f ag ita tion  and aeration was kept at 200 r .p .m .  and 6 l i t r e /  
minute re sp e c tive ly . S te rilized  s ilic o n  was used as an antifoam ing 
agent. Fermentation was carried out fo r 3 days at 25 °C .
( ii)  Preparation o f A . chroococcum e x tra c t.
The ce lls  o f A . chroococcum from the ferm entation medium were 
harvested w ith  a 'M is tra l 6L' refrigerated cen trifuge . The harvested 
c e lls  were suspended In 3 volumes o f 0.02 M potassium phosphate
-4  +
bu ffe r, pH 7 .0 , conta in ing 1 M g lyce ro l and 1 .5  x  10 M NAD .
The c e ll suspension was sonicated w ith  a Soniprobe (Dawe Instrum ents 
L td . London). During son ica tion , the c e ll suspension con ta ine r was 
kept in an ic e -s o lid  CO^ freezing m ixture at 0 to 4 °C . The s o n ic a lly  
treated c e ll suspension was centrifuged at 25,000 r .p .m .  fo r 30 m inutes 
at 0 -  4 °C . The supernatant so lu tion  was used as a source o f enzym e. 
Enzyme a c t iv ity  and protein contents were measured as mentioned 
above and further p u rif ie d .
( i i i )  F irs t DE 52-cellu lose fra c tio n a tio n .
The crude extract was desalted on Sephadex G-25 colum n,
2 .5  x  25 cm, and enzyme was eluted in 0.05 M potassium phosphate
-  5 +
bu ffe r, pH 7, conta in ing 1 .5 x 1 0  M NAD . The column was eluted
at 75 m l/h r  and the elute was co llected  by using a frac tion  c o lle c to r. 
The active  frac tions were pooled and NAD* kinase a c tiv ity  was 
determ ined.
The desalted enzyme so lu tion , was poured onto a DE 52-ce llu lose
colum n, 5 .5 x 1 3  cm. and eluted w ith  0.05 M potassium phosphate
-5  +bu ffe r, pH 7, conta in ing 1 .5  x  10 M NAD . During ce llu lo se
frac tiona tion  a ll the coloured im purities remained in the column and
■f* '
c lea r NAD-Kinase so lu tion  was ob ta ined. Active frac tions were used 
for fu rther p u rifica tio n .
(iv) F irs t calcium  phosphate gel fra c tio n a tio n .
Calcium phosphate ge l (prepared by the method o f K e ilin  and 
Hartree, 193 8) a t a gel to protein ra tio  o f 1:1 was added to the active
frac tion  from the ce llu lo se  colum n. The gel was co llected  by
cen trifuga tion  a fte r h a lf an hour and the supernatant so lu tion  was 
d iscarded. The gel was eluted tw ice  w ith  15 ml o f 0.1 M  potassium
-4  +
phosphate bu ffe r, pH 7, conta in ing 1 .5  x  10 M NAD . The ge l
was again eluted three more tim es w ith  0.2 M potassium phosphate
-4  +buffer contain ing 1 .5 x 1 0  M NAD . These eluates were pooled.
(v) Heat trea tm ent.
The pooled enzyme eluates from the ge l frac tiona tion  were heated 
w ith  gentle ag ita tion  at 52°C for 10 m inu tes. The heated so lu tion  was 
ra p id ly  cooled and denatured protein was removed by cen trifuga tion  at
16,500 r .p .m .  fo r h a lf an hour at 0 -  4 °C . The enzyme a c tiv ity  
o f supernatant so lu tion  was m easured.
(vi) Ammonium sulphate fra c tio n a tio n .
The supernatant so lu tion  was saturated w ith  (N H ^ S O ^  and 
kept in the cold room for h a lf an hour. Then it  was centrifuged at
13,000 r .p .m . fo r h a lf an hour. The precip ita te  conta in ing the enzyme 
was d isso lved  in 0 .05 M potassium phosphate bu ffe r, pH 7, conta in ing
1 .5  x  10~5 M NAD*.
This red isso lved enzyme so lu tion  was desalted on a Sephadex 
G-25 column, 2 . 5 x 2 5  cm. and eluted in 0 .05 M potassium phosphate
-5  +
buffer conta in ing 1 .5  x  10 NAD . F ractions, 5 m l, were co llec ted  
by using frac tion  co lle c to r and active  frac tions were pooled.
(v ii) Second DE 52-cellu lose fra c tio n a tio n .
The desalted enzyme so lu tion from the second Sephadex column 
was applied to a ce llu lose  column, 2 .5 x  25 cm. The enzyme was 
eluted by passing 75 ml o f each o f the fo llow ing  buffers through the 
column consecu tive ly , 0.05 M , 0.1 M and 0 .5  M potassium phosphate 
bu ffer a ll conta in ing 1 .5  x  1 0 -  M NAD+ <7'ri d  r . l  ! ' ; i  -I •> •
(v ii i)  Second calcium  phosphate gel tre a tm e n t.
Calcium phosphate g e l, at a ge l to protein ra tio  o f 5:1 , was added 
to the active  pooled enzyme so lu tion . The gel was co llec ted  by 
cen trifuga tion  and eluted three times w ith  3 ml o f 0.1 M potassium
- 4  +phosphate buffer contain ing 1 .5  x  10 M NAD . The gel was 
next eluted w ith  2 ml o f 0.2 M potassium phosphate bu ffe r, pH 7 .0 ,
-4  +
conta in ing 1. 5 x 1 0  M NAD . The enzyme a c tiv ity  o f these 
frac tions was measured.
Methods o f Covalent Attachment o f Protein to 
Various Carriers
The coupling o f bovine serum album in (BSA) w ith  various carrie rs  
using d iffe ren t methods was investigated in it ia l ly  on the fo llo w in g  
grounds.
(1) G lucose 6-phosphate dehydrogenase (G6PD) and
•f
NAD kinase are ve ry  expensive as compared to BSA.
(2) Iso e le c tr ic  point o f BSA, 4 .7  (Young, 1963) is ve ry  
s im ila r to yeast G6PD, 4 .8  (Negelein and G erischer, 1936).
These procedures are described below and any m od ifica tions used
•f*
when attaching G6PD or NAD kinase are noted in the re levan t chap te rs .
(i) Attachment to DE 52-cellu lose by s -tr ia z in e  m ethod.
(a) Procion b r il l ia n t orange estim ation .
A range o f concentrations o f procion b r il l ia n t orange, d ic h lo ro -s y m - 
tria z in e  dye s tu ff, were made up in d is t il le d  water and le ft fo r tw o days 
fo r hyd ro lys is  at pH 8 .0 . The E ^ q o f these so lu tions was read a fte r 
two days and a standard graph is shown in F ig . 2 .6 .
(b) Preparation o f m onoch loro-sym -triaz ine c e llu lo s e .
M onoch lo ro -sym -triaz ine  ce llu lose  was prepared by the method o f
Kay and Crook (1967) as.m odified by W ilson  et a l.  (1968). 0 .125 g o f
procion b r il l ia n t orange was d isso lved in 375 ml o f d is t i l le d  water 
and 25 g (wet weight) o f DE 52-cellu lose was added w ith  s tir r in g .
1 g o f anhydrous Na^CO^ was added a fte r 15 minutes and s tirr in g  was 
continued fo r 1 hour at room tem perature. The product was filte re d  
and washed w ith  500 ml o f M -N a C l fo llowed by d is t i l le d  water t i l l  
the washings were co lo u rle ss .
The to ta l volume o f the washings was noted, 1360 m l, and they
were pooled. A fte r two days the E ^ ^  o f the combined washings
was determined and the to ta l amount o f the dye in the combined
washings was ca lcu la ted , 3 .0  mg. The product, m onochloro-sym -
tr ia z in y l ce llu lo s e , was meanwhile freeze -d ried , weighed (5 .8  g)
o-and stored in a dried form at 4 C . The amount o f dye attached to 
DE 52-ce llu lose was 2.1% (w /w ) .
(c) Coupling procedure.
0.92 g o f m onoch loro -sym -triaz ine ce llu lose  was stirred w ith  
21 .2  mg o f bovine serum albumin in 10 ml o f 0.1 M sodium borate 
bu ffe r, pH 7 .6 , at 25°C . A fter 24 hours the preparation was filte re d  
and washed thoroughly w ith  15 m l o f 0 .1  M sodium borate bu ffer 
fo llow ed by three 15 ml portions o f 1 M -N aC l and f in a lly  w ith  15 m l 
o f 5 M -N a C l. The amount o f protein released in the washings was 
m easured.
The amount o f protein attached to the dyed ce llu lo se  was estim ated 
as the d iffe rence between the amount o f protein added in i t ia l ly  and 
the amount removed by subsequent washings (Crook et a I . ,  1970).
The amount o f bovine serum albumin (BSA) attached to m onoch loro -sym - 
tr ia z in y l DE 52-cellu lose was 8.6 mg/g o f ca rrie r. The reactions
tha t had taken place w ere ;-
- o h  c l ri
RMH,'-D H  Jvj N
R
D ich lo ro -sym -tria z ln e M o n och lo ro -sym -triaz iny l
ce llu lo se
(ii)  Attachment to Sephadex G-7 5 by cyanogen bromide m ethod.
Bovine serum albumin was coupled to Sephadex G-75 by using 
the cyanogen bromide method as described by Axen et a l.  (1967) .
4 m l o f cyanogen bromide so lu tion (contain ing 25 mg o f fre sh ly  
purchased CNBr per ml) was added to a sm all beaker con ta in ing  
100 mg o f sw ollen Sephadex G -75 . The suspension was adjusted 
to pH 11.0 and reaction was allowed to proceed for 6 m inutes at 
constant pH and low tem perature. The gel was ra p id ly  washed on 
a glass f i l te r  w ith  excess o f cold water and 300 ml cold 0.1 M  
NaHCOg . The activa ted product was transferred to a sm all con ica l 
fla sk  and 100 mg o f BSA in 7 ml o f 0.1 M NaHCO^ was added. The 
reaction was carried out fo r 16 hours a t 4°C w ith  s low  s t ir r in g . The 
coupled product was washed thoroughly w ith  4 lo ts o f 15 m l o f 0.1 M  
NaHCOg and 2 lo ts o f 15 ml o f 1 M N aC L The amount o f protein 
released in these washings was measured by the method o f Itz h a k i 
and G il l  (1964). The amount o f BSA coupled was 570 m g/g o f 
Sephadex G -7 5 .
The reactions as proposed by Axen and Ernback (1971 and
supported by BartLing et aj.. ,  (1972) w ere :-
A c tiva tion
Sephadex
or
-  OH 
- O H
CNBr
Sepharose
O
II
— O - C - N H  
-O H
carbamate
(inert)
0 - C  =  N
-  HBr
Coupling
t . . p .
OH
(Reactive) 
imido carbonate
NH 
II
O -  C -  NH -  protein
h~ ° ^ C  = NH H2N ~ pr° te ln
- o y
*  c
Isourea
;C = N -  protein
N -substitu ted  im ido carbonate
O
II
— O -  C -  NH -  protein
— OH
N -substitu ted  carbamate
( i i i )  Attachment to Sepharose 4B by cyanogen bromide m ethod.
The Sepharose 4B was washed w ith  water on a g lass f i l te r  (G~4) 
to remove the buffers and bac te rios ta tic  agents. An amount o f
sw ollen ge l corresponding to approxim ately 100 mg o f dry substance 
was a c tiv a te d , washed and coupled w ith  100 mg BSA as given above. 
The product/ Sepharose 4B-BSA, was washed thoroughly and the amount 
o f the BSA released was measured as mentioned e a rlie r. The amount 
o f BSA coupled was 480 m g/g o f Sepharose 4B.
(iv) Attachment to ethylene diam ine Sepharose 4B by cyanogen 
bromide method .
(a) preparation o f ca rrie r.
Ethylene diam ine Sepharose 4B was prepared by the method o f 
Cuatrecasas (1970) as ou tlined be low . Approxim ately 15 g o f 
Sepharose 4B was washed w ith  d is t i l le d  w ater to remove the buffers 
and other bac te rios ta tic  agents. I t  was then suspended in 15 m l o f 
water and 3 .75 g o f fre sh ly  purchased fin e ly  d iv ided cyanogen bromide 
was added in a w e ll ven tila ted  fume cupboard . The temperature was 
maintained at about 20°C by adding pieces o f ice when needed.
The pH o f the suspension was m aintained constant at pH 10.0 fo r 
6 m inutes by adding 2 M NaOH. Then the ge l was ra p id ly  washed 
on a glass f i l te r  under suction w ith  cold water and f in a lly  w ith  
c o ld '0.1 M NaHCOg.
The activa ted Sepharose was ra p id ly  transferred into a beaker 
contain ing 1 .202 g o f ethylene diam ine in 10 ml o f w a te r, p rev ious ly  
titra ted  to pH 10.0 w ith  6N H C l. The reaction was carried out fo r 
16 h rs . at 4°C w ith  continuous slow  s t ir r in g . Excess o f ethylene 
diam ine was removed by washing w ith  large amounts o f co ld w ater 
t i l l  the washings d id not g ive any co lour w ith  sodium 2 , 4 , 6- t r in i t r o -
benzene sulphonate (Inman and D in tz is , 1969). This ind icated 
that a il the ethylene diam ine adsorbed into Sepharose 4B had been 
rem oved.
Ethylene diam ine Sepharose prepared by th is  method was checked 
by the te s t o f Inman and D in tz is  (1969) as m odified by Cuatrecasas (1970). 
One m il l i l i t r e  o f a saturated so lu tion  o f sodium borate and 3 drops o f 
3% aqueous so lu tion  o f sodium 2 ,4 ,6 -tr in itro b e n ze n e  sulphonate 
were added to 0 .5  ml o f a s lu rry  o f ethylenediam ine Sepharose. A fter 
2 hours an orange co lour was ob ta ined.
Freshly prepared ethylene diam ine Sepharose, 4 g , was suspended 
in 4 ml o f 0.1 M NaHCOg so lu tion , pH 9 .0 , conta in ing 100 mg o f BSA.
The product was washed w ith  0.1 M NaHCO^ and 1 M NaCl so lu tion  
and the amount o f protein released in the w ashing, 89.76 mg, was 
measured. Protein attached to ethylene diamine Sepharose was 
2 .56 m g/g o f ca rrie r.
The reactions sequence can be presented a s r
(b) Coupling procedure
The reaction was carried out fo r 2 days at 4°C w ith  gentle  s tirr in g
Sepharose I—<
CNBr *  r ° -(-O H
O -  C = N
Ethylene diamine
H2N (C H „) n h
—--------------------------p f o > C - N H ( C H 2)2NH2
Ethylene diam ine Sepharose
RNH2 „  f Z ° > c  -  NH(CH2)2NHR
(v) Attachment to bromoacetamidoethyl Sepharose 4B.
(a) Preparation o f ca rrie r.
BromoacetamidoethyL Sepharose was prepared by the method o f 
Cuatrecasas (1970). 0.13 89 g o f bromoacetic acid (1..0 m moles)
and 0.1380 g o f N -hydroxysuccin im ide (1.2 m moles) were d isso lved  
in 8 .0  ml o fd io x a n e . 0.2269 g o f d icyc lohexylcarbod iim ide (1 .1 m 
moles) was added to th is  so lu tion . A fter 70 m inutes d icyc lohexy l 
urea was removed by cen trifuga tion  and the supernatant (bromo a ce ty l-  
N -hydroxysuccin im ide) was added to 10.0 g o f fresh ly  prepared 
ethylene diam ine Sepharose, suspended in 25 ml o f 0.1 M sodium 
phosphate buffer at pH 7 .5 .
A fter 30 m inutes the product was washed w ith  cold 0.1 M NaCl 
t i l l  the washing did not g ive any co lour w ith  2 ,4 ,6 -tr in itro b e n ze n e  
su lphonate.
(b) Coupling procedure.
5 .0  g o f bromoacetamidoethyL Sepharose was suspended in 5 m l 
o f 0.1 M NaHCOg , pH 9 .0 , contain ing 100 mg o f BSA. The reaction  
was carried out fo r 48 hours at 4°C w ith  continuous slow  s tir r in g .
The preparation was washed w ith  0.1 M NaHCO^ and 1 .0  M  N aC l.
The protein released in the washing was measured and to ta l protein 
attached was 4 .8  m g/g o f the ca rrie r. The reactions tak ing place 
were as given on the next page.
Ethylene diamine Sepharose
D icyclohexyL carbodiim ide D icyc loh e xy l urea 
OH 0-C O C H 0Br
+ BrCHn COOH-
N -H ydroxy Succinim ide
OH
°> N H (C H  J „  NHCOCH. Br
Bromoacetamidoethyl Sepharose
R-NH,
>N H (C H 0)0NHCOCH0NHR
(vi) Attachment to CH-Sepharose 4B by Carbodiim ide m ethod,
Carbodiim ide methods are sim ple and are therefore va luab le  
a lte rna tives to other routine reagents fo r the im m obiliza tion  o f 
enzymes. CH-Sepharose 4B (6-am inohexanoic acid coupled to 
Sepharose 4B using the cyanogen bromide method) conta ins free 
carboxyl group ava ilab le  fo r coupling w ith  the amino groups o f 
p ro te ins .
Enzyme was coupled w ith  CH-Sepharose 4B by the method 
recommended by Pharmacia, Sweden.
CH-Sepharose, 150 mg, was sw ollen in an excess o f 0 .5  M  
NaCl at room tem perature. A fte r h a lf an hour the sw ollen ge l was 
washed thoroughly w ith  an excess o f 0 .5  M NaCl and f in a lly  w ith
d is t i l le d  water to remove N a C l. W ashed, swollen CH-Sepharose 
was placed in a small beaker and enzyme was added. The pH o f 
the m ixture was kept constant at 6 .0  fo r 5 m inutes w h ile  keeping 
the temperature at 4 °C . 1 -e th y l-3 - (3 -d im ethylam inopropyl)carbo- 
d iim ide  hydrochloride (EDC), 50 mg in 2 ml o f w ater, was added 
dropw ise into the m ixture w ith  slow  s tirr in g . The pH was kept at
6 .0  fo r 1 hour. The reaction was continued at 4°C for 2 days. The 
gel con ta in ing enzyme was washed thoroughly w ith  0 .1 M NaHCOg 
and 1 M NaCl and the amount o f enzyme released in the washings 
was measured.
The reactions taking place can be represented a s r
R -  N= C = N -  R R - N - C - N - R
H O C = N -  (CH0) cCOOH + RNH, €  = N -  (C H J  -C -N H R
—O
Protein
CH-Sepharose 4B
(v ii) Attachment to Sephadex G-75 by periodate m ethod.
A simple method in w hich polysaccharide is activa ted by ox ida tion  
w ith  periodate (Sanderson.and W ilson , 1971) was also investigated as 
fo llo w s .
100 mg o f pre-sw ollen  Sephadex G-75 was oxid ised w ith  1 m l o f 
0 .0 1 M NalO^ fo r one hour at room tem perature. The ox id ised  Sephadex 
G-75 was washed w ith  water and recovered by cen trifug a tio n . Then 
1 ml o f phosphate buffer sa line , pH 8 .0 , conta in ing 100 mg o f BSA 
was added. The reaction was carried out fo r 20 hours at room
temperature w ith  slow s tirr in g . Reduction was then carried out by 
suspending the ox id ised  Sephadex in 1 ml o f 1% NaBH^ for 15 m inu tes. 
The product was washed thoroughly w ith  phosphate buffer sa lin e ,
0.1 M NaHCOg and M N aC l. The amount o f protein released in the 
washings was measured.
Bovine serum albumin bound was 380 m g/g o f c a rr ie r. The 
sequence o f reactions used can be represented as:~
c h 2o h  c h 2o h
(v i i i)  Attachment to Sepharose 4-B by periodate m ethod.
A 100 mg o f Sepharose 4B was washed and treated in a s im ila r 
manner to tha t described for Sephadex G-75 and the amount o f 
bovine serum albumin attached was 340 m g/g o f Sepharose 4B*
Assay o f Im m obilized  Enzymes 
Assay s o lu tio n s  fo r  im m obilized  enzymes were as fo r  the s o lu b le  enzymes 
.e . f o r  G6PD see p .55 and f o r  NAB k inase see p .58 ,s e c t io n  b .
The fo llo w in g  methods were used fo r the assay o f im m obilized 
enzym es.
(i) Packed-bed re a c to r.
A g lass colum n, 1 .0  cm interna l diameter and 5 cm in length w ith  
a s in ter N o .4 at the bottom was packed by using the s lu rry  o f the 
imm obilized enzyme preparation. The temperature o f the column was 
maintained constant by c ircu la ting  water in the outer jacke t o f the 
colum n. A ll so lu tions to be passed through the column were kept 
in a water bath at the required tem perature. They were pumped through 
the sealed top o f the column using an LKB p e ris ta ltic  pump. The flo w  
rate was determined by co lle c tio n  o f the e ffluen t using an LKB fra c tion  
c o lle c to r.
The e ffluen t co lle c ted , 1 ml in each tube, was read in a spectro­
photometer at 340 nm against some o f the assay m ixture w hich had 
not passed through the colum n. At the conclusion o f each experim ent, 
the column was washed thoroughly w ith  buffer and stored in i t .
( ii)  R ecircu la tion re a c to r.
The im m obilized enzyme preparation, approx. 10 mg, was re ta ined 
between two nylon f i l te r s ,  pore size 14 ym supported on a s ta in le s s - 
s tee l screen in a M illip o re  13 mm u ltra filtra tio n  c e ll .  The assay so lu tion  
was passed through th is  m icro packed-bed reactor into an open re se rvo ir, 
where it  was con tinuously  s tirre d . The so lu tion was then rec ircu la ted  
by a DGL m icro-pum p through a 1 cm flow -th rough c e l l .  The change in 
ex tin c tion  was recorded at 340 nm w ith  a C ec il u ltra v io le t spectrophoto­
meter connected to a chart recorder (Fig . 2 .7) a
Temperature jacke t
t
Pump
f l  Im m obilized enzyme
iiC
3J
“1 Reservoir
Flow through cuvette 
F i g . 2 .7
Upstream o f the reactor a short piece o f the tub ing , approxim ately 
6 inches long, was passed through a constant temperature water
assays by passing water and then g lycy lg lyc in e  buffer through i t .  
Then a fresh assay m ixture was rec ircu la ted  through the system w ith  
a by-pass f i l te r  in the position o f the reactor fo r a few m inutes .
small pa rtic les tha t would otherw ise have entered the pores o f the 
f i l te r  in the reacto r. The reaction was started by sw itch ing the 
reactor into the rec ircu la ting  stream . The rate o f change in .e x tin c tio n  
at 340 nm was recorded for up to 5 m inu tes. At the end o f the whole 
experim ent, the whole system was washed thoroughly w ith  d is t i l le d  
w ate r. The im m obilized enzyme in the reactor was also washed and 
then stored in 0.1 M sodium borate bu ffe r, pH 7 . 6 ,  at room tem perature.
As
The per pass conversion Q was ca lcu la ted using the fo llo w in g  
equa tion .
jacke t m aintained at 25°C . The system was washed out between
During th is  time the so lu tion reached 2 5°C ana the f i l te r  removed any
AS
Where v f  is  the flu id  volume in the system (ml)
Q is the vo lum etric  re c ircu la tio n  flo w  rate (ml min *)
S is  the substrate concentration (M)
is the decrease in substrate concentration per un it 
"■'time'(M min ' ^)
For grad ientless cond itions Ford et aj,. (1972) recommend tha t the 
per pass conversion should not exceed 2%.
CHAPTER I I I
NICOTINAMIDE ADENINE DINUCLEOTIDE KINASES
INTRODUCTION
Von Euler and Vest in (193 8) demonstrated the synthesis of
- f  - f
NADP when NAD was incubated w ith  ATP in the presence o f the 
ju ice  from macerated yeast. Subsequently M ehler et a L  (1948)
•f +
reported the synthesis o f NADP from NAD and ATP by pigeon liv e r 
e x tra c t. By 1950, Kornberg had p a rtia lly  purified the NADP+ -  
synthesiz ing enzyme from yeast and demonstrated tha t it  cata lysed 
the fo llow ing  reac tion .
M +2 ,
NAD + ATP  NADP + ADP
This is  the f irs t  reaction in the proposed production o f NADPH
+ * { * ■ ■ ■ ' + ■ -  from NAD . The major pathway fo r NADP is v ia  NAD kinase
(ATP:NAD 2 '-phosphotransferase, EC 2 . 7 . 1 . 2 3 ) .
*f*
NAD kinases have previously been p a rtia lly  purified from the 
sources shown in Table 3 . 1 .
A comparison o f the k in e tics  o f the reaction cata lysed by NAD 
kinases shows tha t the enzymes have some properties in common.
Such as th e ir optimum pH m ostly  7, the optimum concentration o f
+ 2 - 2 +Mg , about 2 x 1 0  M . The value o f th e ir K 's w ith  NAD andm
-3 -4
ATP range from 10 to 10 M . Very low spe c ific  a c tiv it ie s  in 
the crude form have been reported . This is partly  due to the presence 
o f inh ib ito rs  or competing enzymes such as ATPase, nucleotide 
pyrophosphatase e tc . in the crude ex trac t.
U n like  the yeast enzymes, the NAD kinases o f anim als and 
higher plants cannot use NADH for the synthesis o f NADPH f/on  Euler 
and Adler, 1938). D ifferences in the m olecular structure o f the enzyme
protein from d iffe re n t sources were revealed by the use o f the thioL
+group in h ib ito r N -e th y lm a le im ide . P igeon-live r NAD kinase was
pow erfu lly  inh ib ited  by 5 mM N -ethylm ale im ide and th is  e ffec t could be
+prevented by prior add ition  o f cys te in e . R a t- liv e r NAD kinase was 
on ly  w eakly inh ib ited  by th is  reagent (Von Euler and 'Adler, 193 8) .  The
•j-
NAD kinase from Azotobacter v ine land i i  (Chung /  1967) appears to be a 
su lphydryl enzyme and suIphydryl groups are protected by NAD .
•f-
Choice o f NAD kinase
In se lecting  an enzyme fo r study i t  seemed necessary to  choose 
one that was re a d ily  obtainable and s tab le . The enzyme from yeast 
was not selected because the reaction cata lysed was not s p e c if ic . I t  
can cata lyse the phosphorylation o f both NAD+ and NADH. Recently i t  
has been shown tha t there are two d is tin c t enzymes ca ta lys ing  these 
reactions (Apps, 1970).
The enzymes from animal sources were not considered in i t ia l ly  
because the resu lts  summarised in Table 3 .1  ind icated tha t the enzymes 
were not com plete ly s ta b le , p a rticu la rly  at room ternperature. I t  was
-J-
decided to study NAD kinase from Azotobacter v in e la n d ii (ATCC 9104). 
(Chung, 1967), now ca lled  Azotobacter chroococcum (NCIB 8004). Th is 
enzyme was p a rticu la rly  stable in the presence o f added NAD . I t  was 
also the most h ig h ly  purified enzyme preparation reported up to  1971, 
w ith  a spe c ific  a c t iv ity  o f up to 25 enzyme un its  per mg o f p ro te in . The 
work on the enzyme from A . chroococcum ind icated tha t i t  m igh t be an 
a llo s te r ic  enzyme w hich  i t  was thought would provide an opportun ity  o f 
comparing the a llo s te r ic  properties in both the soluble and im m obilized 
form s. This could also be useful fo r the production o f NADP+ and NADPH 
from NAD+ .
Source Fold purification K value Stability Referencem
1 — •— '........... ...........
1 C a lf-liv e r 50 fold 
22% yield
-3  *4* 1 .4 x 1 0  M for NAD Dietrich & Yero 
(1971)
i Plgeon-llver
N M 
II H
350 fold 
34% yield
3 x 10"4 M for NAD+ 
2 .1  x  10~4 for ATP
lost 10-20% of its activity  
per week at -20°C
Apps (1968)
200-250 not stable for long time 
even in cold
Nemchlnskaya et a t . 
(1966)
40 fold 
64% yield
-4  -f- 6 x 1 0  M for NAD storage at -15 °C  for 4 
months resulted in a 
little  loss of activity
Wang & Kaplan 
(1954)
Pigeon-heart 30-40 “41.54  x  10 M  for NAD 
2 .0  x  10”3 M  for ATP
Severin et a t .  (1970)
R abbit-liver & 
kidney
- - Katchnian et a t . 
(1951)
Rabbit-liver
-3  -j- 
2 .6  x  10 M  for NAD
-3
1 .9 x 1 0  M  for ATP
50% loss in activ ity  
overnight
Chung (1971)
i
| Rabbit normal 
I skeletal muscle
180 -4  ■+"8 .5  x  10 M  for NAD*
1 .5  x  10“3 M  for ATP
Telepneva & 
Meshter (1971)
Rabbit denervated 
skeletal muscle
70
—4 -j-
9 .5  x  10 M for NAD
4 .5  x  10“3 M  for ATP
Telepneva & 
Meshter (1971)
Rat brain
-3  “1” 0 .5  x  10 M  for NAD
4 .0  x  10“3 M  for ATP
Fernandes (1970)
Rat-llver
j 1* N
M M
M M
M N
- - at -15 °C  for 10 days loss 
10% activity
Greerbaum & Clark  
(1965)
300-400 5 x  10” 4 M  for NAD +  
2 .4  x  10~4 M  for ATP
in frozen state for several 
months did not lose more 
than 10% activ ity
Nemchlnskaya & 
Smirnova (1967).
70 8 x  10"4 M  for NAD-*" 
2 x  10”3 M  for ATP
stable at -20 °C  for several 
weeks
Oka & Field  
(1968)
1000-2000 fold 
4% yield  .
-3
1 .4  x  10 M  for NAD 
7 .0  x  10“3 M  for ATP
Y eroet a l .  (1968)
2000 fold 
4% yield
-3
7 .0 x 1 0  M for ATP Dietrich  & Yero 
(1971)
Trlatoma Infestans 2000 - - A goslnetaJ,. (1967)
Spinach-leaf 100 2 x  10~3M for NAD*" 
1 .1  x  id ”3 M  for ATP
Stable for three months 
at -18 °C
Yamamoto (1966)
Yeast (ale yeast) 25 fold 
29% yield
- for months a t-1 5 ° C  but 
unstable at 0°
Kornberg (1950)
'
" S.cerevislae - 2 x  10’ 3 M  for NAD^” - G riffiths & 
Bernotsky (1970)
M' • M 60 fold 
27% yield
-4  -4- 3 .0  x 10 M for NAD
-44 .3  x  10 M for ATP
at -1 5 °  C , 30-40& activity  
was lost within a week
Apps (1970)
Azotobacter-
vlnelandll
500 fold 
44% recovery
—44 x 10 M for NAD 1 
10” 3 M  for ATP
highly purified and stable Chung (1967)
Table 3 .1  The Sources and Properties of NAD Kinases
METHODS AND RESULTS 
+
(i) P u rifica tion  o f NAD kinase from A . chroococcum.
In it ia l ly  A . chroococcum was obta ined/ grown on slopes and 
fermentation was carried out in 10 con ica l fla sks  each con ta in ing
+
100 ml Burk's nitrogen free medium, in a shaking water ba th . NAD 
kinase was iso la ted and pu rifie d . A fter ge tting  some po s itive  re s u lts , 
ferm entation was done in a batch fermenter conta in ing 10 litre  o f 
fermentation m edium . The enzyme was iso la ted , purified and assayed 
as mentioned in Chapter I I .  The resu lts  are shown in Table 3.2- 
tog ether w ith  the resu lts  fo r spe c ific  a c t iv ity  and % recovery obtained 
by Chung (1967).
S-t
CD
>
O
o
©pci
o 2  
©  + .1
Cl  oco ©
cn
£to
4-J—I
d
d
©
©  > ,  ■M N
o  ©
H  v
TO
+->
d
d
_ _  d
© © 
+ ->  + jo o 
^  &
C D
£
©
©  
6
o -2H O >
ao•—i
4 ->
O
©
u
Pm
©
CD
©
+ ->
C/D
C D
d
d
4 3
o
IN - O C O C M IN * o O
C O O C M O r H C D
C D i— I 1---- I r H r H
to—t
to
©
H
o
o C M
O
C O
CO
L O 'sF C O00
d C N C O C O o C O C c
p- j C O o o CO C O C D tN r H TO
43 ^ • • • • * • ’ •
o  c o o o o o 16 ou - l
to 
»»' <
to
©
4 3
H
L O 0 0 C M r—Ho o C M n -* C D 0 0
• • • • •
o o o o o L O
C O
C M
o
CD
C M
O«sF L OC M
r ~ t
C O
C D
©
C D
©
+ J
© ©
TO 4 3
o C l
TO
d o4 ->o
© ©
€
Ch
+ ->
0
1 £X 1C M d
© L O • • 4
X »
©
o
w ©
+ J Q o
© + J 4 -»
TO TO TO
© M-•—4
Q Pm Pm
CO
X )
©
+ J
©
©
©
+ J
©
4 3a
dco
£
d
do
£
L O
C M
00
o o
o o o L O C M
L O S F o r— 1
C O C O 1-----I ■ «— I
o o o o L O o
L O o L O C M IN * 0 0
C M C O r H r H
©
0
1
C M
L O
W
P
XJ
d
O
O
©
CO
C O
©
C D
©
+■»
©
43aTO
o43
o .
£
d
o
©
o
XJ
d
O
u
©
CO
+->
•—I
>
4 ->
o
©
o
U3
-J-J
d
©
©
u
©
■ X
4 -»
t-i
©
+ -»
©
C Do
+->
£
d
o
oo
oo
243
O
< \
£
2<4-H
©TO
©
d
Q
in *
C O
CD
C D
d
d
43
O
> ,43
XJ
©
d
•<•■4
©+->43
O
Mi©
>
O
u
©
i-H
do—I
+ J
©
o  —1
'u  XJ 
d  dCM ©
C M
CO
©
43
©
H
No active  enzyme preparation was obtained a fte r the f in a l stage o f 
pu rifica tio n  even a fter spending a considerable time at attem pts on 
is o la tio n . Therefore, iso la tio n  o f NAD+ kinase was abandoned, and 
pigeon liv e r enzyme, w hich became com m ercia lly ava ilab le  at tha t 
tim e , was bought to  carry on the research w ork .
+
(ii) Im m obiliza tion  o f NAD k inase .
100 mg o f Sepharose 4B was thoroughly washed and activa ted  by 
cyanogen bromide method o f Axen and Ernback (1971) as mentioned 
in d e ta il in Chapter II.. Activated Sepharose was coupled w ith  45 un its
“f-
o f NAD k ina se . The im m obilized enzyme preparation was washed
-j-
and the amount o f NAD kinase released in the washings was measured 
as mentioned in Chapter I I .  No enzymic a c t iv ity  was observed in the 
w ash ings. This ind icated tha t e ithe r the whole amount o f the enzyme 
had been bound to  Sepharose or tha t i t  had been inactiva ted  du ring  the 
coupling procedure.
To check th is ,  the enzymic a c t iv ity  o f im m obilized enzyme .. 
preparation was measured as given be low .
_L
( i i i)  A c tiv ity  o f im m obilized NAD k in a s e .
The im m obilized enzyme preparation was incubated in an assay 
m ixture s im ila r to  that used for the soluble enzyme as mentioned in 
Chapter I I .  The reaction was term inated by ce n trifug a tio n .
The NADP produced in the supernatant was estim ated by using 
a re c ircu la ting  reactor system conta in ing im m obilized g lucose 6-phosphate 
dehydrogenase in m icropacked bed .
- I "
NAD kinase obtained a fte r im m obiliza tion was ~ 0.1% o f the 
o rig ina l a c t iv ity .  As the y ie ld  was very low , an attempt to im m obilize
4 -
NAD kinase by titan ium  te trach lo ride  (Emery e ta j, . ,  1972) method 
was made. No enzymic a c t iv ity  was obtained ne ither in the 
washings nor in the im m obilized enzyme preparation.
+
(iv) S ta b ility  o f im m obilized NAD k in a s e .
The im m obilized enzyme was stored in the cold room and the 
rem aining enzymic a c t iv ity  measured every day. Results are 
shown in Table 3 .3 .
Storage time Act iv  ity  rema in ing
(hour) (%)
o 100
24 30
48 11 "
72 0
Table 3 .3  Storage s ta b ility  o f im m obilized NAD kinase 
from pigeon liv e r .
DISCUSSION
NAD+ kinase from A . chroococcum was purified by the method 
o f Chung (1967). Kornberg (1950), Wang and Kaplan (1954) and 
Chung (1967) observed an increase in enzyme a c tiv ity  during the f ir s t  
stage o f pu rifica tion  as compared to the crude form . S im ila rly  an 
increase in recovery was found in the present work and m ight have '
been due to the removal o f in h ib ito rs .
A comparison o f the resu lts  g iven in Table 3 .2 shows that the
•j-
main d iffe rences in the iso la tio n  o f NAD kinase between th is  work 
and that o f Chung (1967) occured at the two stages invo lv ing  treatm ent 
w ith  calcium  phosphate g e l. The problem was f irs t  noted in 
pre lim inary experiments when the ge l was prepared as g iven in 
Chapter I I .  In la te r w ork, ge l purchased from BDH was used and the 
resu lts  g iven in Table 3 .2 were obtained using th is  g e l. O n ly  h a lf 
the enzyme was recovered a fte r the f ir s t  use o f the g e l. In the 
fin a l step no enzymic a c t iv ity  was recovered even though a more 
active  enzyme preparation, but w ith  lower y ie ld , had been obtained 
at stage 6 .
NAD kinases from d iffe ren t sources are known to be unstab le
-f.
towards heat (Kornberg, 1950; Apps, 1970) but NAD kinase from 
A . v ine  land i i  was thought to be qu ite  stable toward heat in the 
presence of 1 .5  x  10 ^ M NAD+ . During th is  inves tiga tion  a I I th e  
pu rifica tion  procedures were done in the cold room and in the presence 
o f NAD+ .
Nemchinskaya et a l.  (1966) reported that i f  NAD kinase from 
pigeon liv e r , spec ific  a c t iv ity  0.60 u n its /m g , is subjected to fu rthe r 
pu rifica tion  th is  leads to a sharp decrease in s ta b ility  o f the enzym e. 
S im ila rly  during these pre lim inary studies it  was observed tha t the 
crude extract was more stable than the desalted enzyme so lu tio n .
I t  m ight be tha t there is some sort o f im purity which s ta b ilis e s  th is  
enzym e.
I t  is  d if f ic u lt  to predict the precise reason for the loss o f the
enzyme a c t iv ity  during the pu rifica tio n  and the low y ie ld  on 
im m obiliza tion . Although the sulphydryl group o f the enzyme was 
probably protected during these investiga tions by adding NAD , it  
m ight have been w orthw hile  try ing  another NAD kinase s ta b iliz e r 
such as 2-m ercaptoethanol or ATP.
S im ilar to several im m obilized enzymes (see Chapter I ) ,  im m obilized
•f-
NAD kinase was found to  be unstable on storage even in the cold
+room. The resu lts  in th is  chapter indicated tha t NAD kinase both
in the soluble and im m obilized form is  unstable and therefore not
su itab le  fo r the project as o r ig in a lly  proposed . So fa r no report
has been published on im m obilized NAD kinase . This m ight be
due to the in s ta b ility  and high cost o f the enzyme .
+
Prior to these investiga tions on NAD k inase , a stab le im m obilized 
glucose 6-phosphate dehydrogenase had been prepared. Therefore 
i t  was decided to concentrate more on the second part o f these model
- f
studies i . e .  the reduction o f NADP to  NADPH using im m obilized g lucose 
6-phosphate dehydrogenase, rather than investiga ting  NAD kinase fu rth e r.
CHAPTER IV
THE ACTIVITY AND STABILITY OF SOLUBLE AND IMMOBILIZED 
GLUCOSE 6-PHOSPHATE DEHYDROGENASE
INTRODUCTION
Glucose 6-phosphate dehydrogenase (D -glucose 6-phosphate: 
n icotinam ide -adenine d inuc leo tide  phosphate oxidoreductase, EC 
1 .1 .1 .4 9 ) , va rio u s ly  ca lled  phosphoglucose dehydrogenase, hexose 
phosphate dehydrogenase and Robison ester dehydrogenase, is  the 
Zwischenferment f ir s t  discovered by Warburg and C hris tian  in 1931.
An active  preparation was obtained from horse erythrocytes by Warburg 
and C hris tian  in 1931 and from the Lebedev ju ice  made from brew er's 
yeast (Warburg and C h ris tia n , 1932). Since then glucose 6-phosphate 
dehydrogenase (G6PD) has been iso la ted and purified from various 
sources i . e .  (1) M icroorganism s (Sanwal, 1970; O live  and Levy,
1967; G laser and BrownH955; Domaqk et a l . ,  1969; Yue et a l . ,
1969; Broad and Shepherd, 1970 and Benziman and M azover, 1973)
(2) Mammalian ce lls  (McKerns, 1965; Squire and Sykes, 1970;
Julian et a d ., 1961; Matsuda and Yugari, 1967; Cohen and Rosemeyer, 
1968; and Bons ignore et a l . , 1971).
M alcolm  and Shepherd (1972) found that glucose 6-phosphate 
dehydrogenase from Penicillium  duponti was very unstable on storage, 
the ha lf life  was on ly  24 hours at 4°C  in c itra te  b u ffe r. They a lso 
reported tha t th is  enzyme was more stable between pH va lues o f 5 .4  
and 7 .0  and tha t thermal ina c tiva tion  was dependent on sp e c ific  
a c t iv ity  i . e .  the higher the sp e c ific  a c t iv ity ,  the lower the h a lf - l i fe  
o f the enzym e.
Anderson et a t. , (1968) studied the e ffec t o f b ica rbonate , phosphate
and sulphate on the a c tiv ity  o f G6PD from brewer's yeast. Brewer's
yeast G6PD gave approxim ately 70% o f its  maximum a c t iv ity  in the 
+2absence o f Mg (Glaser and Brown/ 1955). On the other hand Benziman 
and M azover (1973) reported tha t magnesium io n s / lOmM / d id  not 
a ffec t the a c t iv ity  o f NADP-linked G6PD from Acetobacter x y lin u m .
Due to the importance and in s ta b ility  o f G6PD, it  was decided 
to im m obilize th is  enzyme and compare its  properties w ith  those o f 
the soluble enzym e. This chapter describes the preparations and 
some o f the properties o f im m obilized baker's yeast G6PD on various 
carriers using d iffe re n t m ethods.
METHODS AND RESULTS
Preparation o f Im m obilized Glucose 6-phosphate 
dehydrogenase w ith ;
(i) DE 52-c e llu lo s e  by s -tr iaz ine  m ethod.
Baker's yeast G6PD (40 un its) was coupled w ith  500 mg o f 
m onoch lo ro -sym -triaz iny l DE 52 -ce llu lose  by the method o f W ilso n  
et §d. (1968) as g iven in Chapter I I .  The im m obilized G6PD was
washed thoroughly and stored in 0.1 M sodium borate bu ffe r, pH 7 .6 , 
in the cold room. The amount o f G6PD released in the washings 
was 13 u n its .
( ii)  Sephadex G-25 by cyanogen bromide m ethod.
Sephadex G-2 5, 300 mg, was activa ted by the method o f Axen et a l .
(1967) as described in Chapter I I .  The activa ted Sephadex G-25 
was d iv ided in to three parts and one part was allowed to react w ith  
30 un its  o f G6PD. The second part was coupled w ith  30 un its  o f the 
enzyme in the presence o f glucose 6-phosphate / w h ile  the th ird  part
was bound w ith  30 un its  o f the enzyme in the presence o f G6P and
-f* o
NADP . The reactions were carried ou t at 4 C fo r four days w ith
continuous slow  s tir r in g . Small amounts o f the supernatants were
taken out at d iffe rence tim e in te rva ls  and these were assayed fo r
G6PD a c t iv ity .
Coupling condition Amount o f G6PD (units) in the 
supernatant a fte r:-
62 h r. 72 h r. 86 h r .
(1) in absence o f substrates
(2) in presence o f G6P
+
(3) in presence o f NADP and G6P
14 13 10
15 12 9 
10 8 .5  6 .0
There are two p o ss ib litie s  fo r the decrease in enzymic a c t iv ity  in 
the supernatant w ith  the increase in coupling time .
(1) The binding of the enzyme w ith  the carriers continues as the 
coupling period is increased even a fte r 62 h rs . o f coupling re a c tio n .
(2) The soluble G6PD was unstable during the coupling procedure. 
According to Axen et a I . (1967) maximum binding takes place in
the f ir s t  12 hours o f the coupling re ac tio n . Therefore, the second 
p o ss ib lity  looks l ik e ly  and in future work the coupling reaction  was 
on ly  carried out fo r 24 hours when the cyanogen bromide a c tiva tio n  
method was used .
A fter 4 days the im m obilized enzyme preparations were washed 
thoroughly and the amounts o f the enzyme released in the washings
were as follows
Coupling cond itions Amount o f G6PD (un its) 
released in the washings .
(1) in absence o f substrates 18.0
(2) in presence o f G6P 17.0
(3)
■J-
in presence o f G6P and NADP : ' 14.5
The a c t iv ity  o f the im m obilized enzyme preparations was determ ined 
in a packed-bed reactor and the resu lts  were as fo llo w s r-
I Im m obilized enzyme prepared A E „ .n at f lo w  rate
in the
2 .5  m l/m  in . 0 .4  m l/m in .
(1) absence o f substrates 0.12 -
(2) presence o f G6P 0.16 -
(3) presence o f NADP+ and G6P 0.17 0.37
The presence o f substrates during the coupling procedure had 
produced a more active  im m obilized enzyme preparation. Therefore, 
in fu tu re , a ll the coupling procedures were done in the presence o f 
subs tra tes .
( i i i)  Sepharose 4B by cyanogen bromide m ethod.
The d e ta ils  o f the procedure used were as described in  Chapter I I  
fo r bovine serum albumin except tha t 50 un its  o f G6PD were coupled 
w ith  5 g o f activa ted Sepharose 4B in the presence o f both G6P and
•f-
NADP . A fter 24 hours o f reac tion , the im m obilized enzyme preparation 
was washed tho rough ly . No enzymic a c t iv ity  was found in the  w ash in gs .
S im ila rly  another preparation was obtained except tha t in order to  
prepare a more active  preparation on ly  500 mg o f Sepharose 4B was 
ac tiva ted . The activa ted Sepharose 4B was coupled w ith  50 u n its  
o f G 6P in the presence o f substra tes . A fte r 24 hours the im m obilized
enzyme preparation was washed thorough ly and the amount o f G6PD 
released in the washings was 13.0 u n its .
(iv) N egative ly  charged de riva tives  o f Sepharose 4B.
(a) G lyc ine Sepharose 4B.
An aqueous so lu tion  o f G6PD conta in ing 25 un its  o f the enzyme 
was poured into a reaction vesse l conta in ing about 150 mg o f CNBr 
activa ted Sepharose 4B. The reaction  m ixture was placed in the 
cold room at 4°C and stirred con tinuous ly . A fter h a lf an hour 
100 mg o f g lyc ine  was added and the reaction was allowed to continue 
fo r one day. The im m obilized enzyme preparation was washed 
thoroughly and the enzymic a c tiv ity  and s ta b ility  were determined .
(b) Aspartate Sepharose 4B.
This was prepared by a s im ila r method to tha t mentioned above 
except tha t the 25 un its  o f G6PD and 100 mg o f aspartic  a c id , at 
pH 8 .0 , were added at the same tim e to  150 mg o f CNBr activa ted  
Sepharose 4B.
(c) Valine Sepharose 4B.
To se lect the optimum pH for the binding o f G6PD w ith  v a lin e -  
Sepharose, 300 mg o f CNBr activa ted Sepharose 4B was d iv ided  in to  
two parts. One part was reacted w ith  25 un its  o f G6PD and 100 mg 
o f v a lin e , at pH 6 .0 . In the second part the same amounts o f G6PD 
and va line  were added but at pH 8 .0 . A fter one day both enzyme 
preparations were washed and the enzymic a c tiv ity  o f the im m obilized ‘ 
enzyme preparations were determ ined.
Coupling AE340 at flo w  rate 
80 m l/h r . 20 m l/h r .
(i) at pH 8.0
( ii)  a t pH 6 .0
0.13 0.20 
0.16 0.22
From the resu lts  i t  is c lea r tha t the im m obilized enzyme prepared 
at pH 6 .0  is more active  than the s im ila r preparation at pH 8 .0 . 
Therefore to achieve higher enzymic a c t iv ity  the next preparation was 
done at pH 6 .0 .
Cyanogen bromide activa ted Sepharose, 500 m g, was d iv ided  
into three parts, to one part 25 un its  o f G6PD and 100 mg o f D L , 
va lin e  at pH 6 .0  were added at the same tim e . To the second pa rt, 
25 un its  o f the enzyme were added and a fte r 15 m inutes 100 mg o f 
va lin e  was added. The th ird  part was reacted w ith  the same amount 
o f enzyme but the 100 mg o f va lin e  was added a fte r h a lf an hour.
The remaining procedure was the same as mentioned e a r lie r . The 
resu lts  were:
Coupling conditions AE0 a t f lo w  ra te  o f 34Unm
80 m l/h r .  20 m l/h r .
(1) va lin e  added at the same tim e as enzyme
(2) va lin e  added 15 m inutes a fte r the enzyme
(3) va lin e  added 30 m inutes a fte r the enzyme
0.16 0.22  
0.19 0.23 
0.21 0 .24
The most ac tive  preparation w ith  v a lin e  was obtained when v a lin e  
was added a fte r h a lf an hour rather than when i t  was added at the same 
time or a fte r 15 m inutes.
(d) CH-Sepharose 4B.
150 mg o f CH-Sepharose 4B was properly sw ollen and washed as 
mentioned in Chapter I I . Then it  was activa ted by the cyanogen
bromide method and coupled w ith  25 un its  o f G6PD. A fter one day 
the ge l was thoroughly washed and enzymic a c tiv ity  was determined .
G lucose 6-phosphate dehydrogenase, 25 un its ,w as also coupled 
w ith  150 mg o f CH-Sepharose using l-e thy l-3 -{3 -d im e thy l am inopropyl) 
carbodiim ide hydrochloride and l-cyc lo h exy l-3 -(2 -m o rp ho lin o e thy .l) 
carbodiim ide m eto-p-to luene suiphonate separa te ly. The d e ta ils  
o f the procedures are as given in Chapter I I .
(v) P o s itive ly  charged de riva tives  o f Sepharose 4B.
(a) Ethylene diam ine Sepharose 4B.
Approxim ately 500 mg o f cyanogen bromide activa ted Sepharose 4B 
was d iv ided  in to three parts and one part was allowed to react w ith  
25 un its  o f G6PD. After 15 m inutes 100 mg o f ethylene diam ine at 
pH 8 .0  was added. To the second part, 25 un its  o f the enzyme and 
100 mg o f ethylene diam ine at pH 8 .0  were added at the same tim e .
To the th ird  part the same amounts o f the enzyme and ethylene diam ine , 
but at pH 1 0 .0 , were added at the same t im e . A fter one day the 
im m obilized enzyme preparations were washed and th e ir a c t iv ity  
determ ined. The resu lts  were:
Coupling conditions E0 „ n at flo w  rate o f 340 nm
80 m l/h r . 20 m l/h r .
(1) Ethylene diam ine at pH 8.0 added 
15 m inutes a fte r the enzyme
0.17 0.22
(2) Ethylene diam ine at pH 8.0 added at 
the same tim e as enzyme
0.15 0.21
(3) Ethylene diam ine at pH 10 added at 
the same tim e as enzyme
0.02 0.08
The f irs t  preparation was more ac tive  than the second and th ird  
preparations. Ethylene diam ine Sepharose 4B-G6PD was more 
ac tive  when prepared at pH 8 .0  (preparation N o .2) than at pH 10.0 
(th ird preparation).
S im ila rly  another ethylene diam ine Sepharose-G6PD preparation 
was made in w hich ethylene diam ine at pH 8.0  was added h a lf an 
hour a fte r the enzyme. This preparation was more ac tive  than the 
other preparation w ith  ethylene diam ine Sepharose.
The possib le charges at pH 7 .0  on Sepharose de riva tive s  prepared 
fo r the coupling o f G6PD are shown in F ig . 4.1 .
Determ ination o f Column flo w  C haracte ris tics
An im m obilized glucose 6-phosphate dehydrogenase on DE 52- 
ce llu lo se  (DE 52-cellu lose-G 6PD ) was packed in a sintered g lass  
colum n. The enzyme assay m ixture was pumped through the column 
at a flow  rate o f 4 m l/h r . The temperature o f the column was 
m aintained at 25°C and one drop o f the e ffluen t was co llec ted  in each 
tube by using an LKB frac tion  c o lle c to r. The content o f each tube 
was d ilu ted  to 0 .5  m l w ith  d is t i l le d  w ate r, thoroughly m ixed and 
the ex tin c tio n  read at 3 40 nm using m icro cuve ttes . A p lo t o f 
e fflu en t volume against E ^ q  is shown in F ig . 4 .2  and is known 
as an F . diagram (D anckw erts, 1953). The vo id  volum e, V i,  was. 
found to be 6 .9  ml and the flo w  o f the liqu id  through the column 
approximated to 'p is ton  f lo w '.
CM
/ \
CO CO
Q.
CO
CM j_
CO
+J
CO
CM
CM
Fi
g.
 
4.
1.
 
Po
ss
ib
Le
 
ch
ar
ge
s 
on 
Se
ph
ar
os
e 
de
riv
at
iv
es
 
at 
pH 
7.
0
0.04
0.03
0.02
o
C Ow<
0 . 01'
H----
5.0 6 . 0 7 .0  8.0 9 .0  10.0
E ffluent volume (ml)
F ig . 4 .2  F-diagram showing the flo w  cha racte ris tics  o f
o
C Ow
< 3
DE 52-ce llu lose-G 6PD  column
0
0
0
10 20 30 40
Flow  rate (m l/h)
6050
F ig . 4.3 Effect o f flow  rate on the a c t iv ity  o f DE 52-ce llu lose-G 6P D  
in a co lum n.
Determ ination o f the A c tiv ity  o f Im m obilized Enzyme 
Pre parations
Two methods were used to  determine the a c tiv ity  o f im m obilized 
enzym es.
(i) Mass balance m ethod.
Amounts o f G6PD attached to  carriers according to mass balance 
method (Crook et a l , ,  1970) were:
C arrier G6PD attached 
(un its /100  mg o f carrier)
DE 52-ce llu lo s e 5.4
Sephadex G-25
(a) in the absence o f substrates - 12
(b) in the presence o f G6P 13 ■ .
(c) in the presence o f G6P and
NADP+
15 .5
Sepharose 4B
(a) (more active  prep.) 7 .4
(b) (less active  prep.) 1.0
( ii)  Residence tim e method .
According to L i l ly  et a t.  (1966) i f  the flo w  o f the liq u id  through
the column is assumed to be piston flo w , then T =■■”“ :
where T is the residence tim e (minutes)
V i is the vo id  volume o f the enzyme column (ml)
Q is the flo w  rate through the column (m l/m in)
From the knowledge o f the ex tin c tion  co e ffic ie n t and ignoring the 
d iffu s io n  lim ita tio n , the % y ie ld  was ca lcu la ted as fo llo w s :-  
Total amount o f Sepharose-G6PD = 500 mg 
Amount o f Sepharose G6PD taken in the column -  125 mg 
Void volume o f the column = 0.25 ml
flo w  rate o f the substrate through the column = 2 .5  m l/m in  
o f the e ffluen t co llec ted  = 0.18340
Time the substrate remained in contact w ith
n 0.2 5 n i ,the enzyme = ■ < :  = 0.1 m inutes
Change in e x tin c tion  per m inute per 125 mg o f Sepharose-G6PD
_  0 A S  _
" ,  o . i  _ 1,8  :
Change in e x tin c tion  per m inute per 500 mg o f im m obilized 
enzyme = 1 . 8 x 4  = 7.2
By d e fin itio n  1 un it o f enzyme produces a change in e x tin c tio n  o f
6 .22 per minute per m l.
Amount o f enzyme w hich produced a change in ex tin c tion  o f
7 27.2 per m inute per m l = 7~'n ' un its
0  • c*
7 237 un its  o f im m obilized enzyme gave a y ie ld  = ~ u n its
b .22
100 7.2100 un its  o f im m obilized enzyme gave a y ie ld  = x    =; 3
o7 b .22
yie Id  ~ 3%
Effect o f Flow Rate-on the A c tiv ity  o f Im m obilized 
G6PD in a Column
The im m obilized G6PD on DE 52-ce llu lo s e  was packed in a 
g lass column and substrate at the same pH, temperature and ion ic  
strength was passed through the column at d iffe ren t f lo w  ra te s .
The e ffluen t co llec ted  was read at 340 nm and the resu lts  are 
illu s tra te d  in F ig . 4 .3 .
As the flo w  rate was increased there was a decrease in the 
ex tin c tion  readings because the contact time o f substrate w ith  
the enzyme was decreased . An increase in e x tinc tion  readings 
was observed when the flo w  rate was decreased.
Effect o f Ions on the A c tiv ity  o f the  Im m obilized Enzymes
(i) Effect o f sodium su lpha te .
Assay m ixtures conta in ing a range o f sodium sulphate concentrations 
in the absence o f MgCl were pumped through 'the D E '52-c e llu lo s e -  
G6PD column at d iffe ren t flo w  rates and the resu lts  are shown in  F ig . 4 .4  
From the data i t  is c lea r tha t by increasing the sodium sulphate 
concentration there was an increase in the enzymic a c t iv ity  o f the 
im m obilized G 6PD. Therefore ac tiva ting  ions are necessary fo r th is  
enzyme.
( ii)  E ffect o f various anions .
To te s t the e ffec t o f various anions on the a c t iv ity  o f DE 5 2 -ce llu lo se
2 -G 6PD,the assay m ixtures conta in ing various amounts o f HPO^ ,
2 -  2 -SO^ , COg and C l in the absence o f M g C ^ , were pumped 
through the enzyme column at d iffe ren t flo w  ra te s . Sodium sa lts  
were used in each case to negate any possib le se lec tive  e ffec ts  on 
enzym ic a c t iv ity  due to ca tio n s . The con tro l and te s t assay m ixtures 
were kept a t the same ion ic  strength by using sodium ch lo ride  (15 mM)
0.3
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F ig . 4 .4  Effect o f vary ing concentrations o f sodium sulphate at
d iffe ren t flo w  rates on the a c t iv ity  o f DE 52 -ce llu lo se -G 6 P D .
Assay m ixtures contain ing 1 .5  mM ( • ) ,  5 mM ( o ) , 10 mM ( ■ ) and 
45 mM ( a) sodium sulphate were pumped through the enzyme column
and ex tin c tion  o f the e ffluen ts  was determined
0.3
0.2
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F ig . 4 .5  Storage s ta b ility  o f G6PD im m obilized on neutra l ca rrie rs
Sephadex G-25-G6PD (A) and Sepharose 4B-G6PD (A) were stored in 
the cold room at 4° C and the remaining a c t iv ity  was determ ined a t the 
tim es indicated by the standard procedure.
in the control, assay m ix tu res.
To check the e ffec t o f d iffe ren t anions on the s ta b ility  o f the
im m obilized enzyme, the enzymic a c t iv ity  o f the packed column was
measured by the normal assay method at the end o f each experim ent.
The resu lts  are shown in Table 4 .1 .
F low rate (m l / h r .)
52.0 33 .0 16.0 8.0 3 .5 0
Concentration o f E xtinction  at 340 nm.
anions
15 mM NaCl 0.015 0.02 0.03 0.03 5 0.045
5 mM Na2C 0 3 0.005 0.0075 0.015 0.02 0.025
S ta b ility  te s t - 0 .25 - - -
5 mM Na2SO^ 0.02 0.0275 0.03 0.035 0.045
5 mM Na2HP04 0.03 0.04 0.045 0.05 0.055
S ta b ility  tes t - 0.25 - ■' ~ .
30 mM NaCl 0.075 0.085 - 0.09 0.105 0.130
I 45 mM NaCl 0.11 0.11 0.11 0.11 0.145
S ta b ility  te s t - 0.20 - .
90 mM NaCl 0.25 0.255 0.2 5 0.25 0.2  85
S ta b ility  te s t 0.06 —  - —
Table 4.1  E ffect o f various ions on the a c tiv ity  o f DE 5 2 -ce llu lo se
-G 6PD
Im m obilized enzyme preparation showed more enzymic a c t iv ity  
when the assay m ixture contained phosphate ions as compared to 
carbonate and sulphate io n s . An increase in enzymic a c t iv ity  was 
also observed as the sodium ch lo ride  concentration was increased. 
But the im m obilized enzyme preparation was found to be unstable at 
the higher concentrations o f NaCl used i . e .  45 and 90 m M .
( i i i )  E ffect o f M gCl^ .
To determ ine the e ffec t o f M gC ^ on the a c t iv ity  o f Sepharose
4-4B-G6PD, assay m ixtures om itting  e ither M g C ^  or NADP or G6P 
were pumped through the column under s im ila r experim ental cond itions  
E xtinction  o f the e ffluen ts  was measured at 340 nm using the substrate 
w ithou t passing through the colum a as the b la nk .
The re su lts  were:
Assay m ixture w ithou t AE340
(i) M g C l2 0.30
( ii)  NADP+ 0.0
( i i i )  G6P 0.0
(iv) Complete assay m ixture 0.45
"f*From these resu lts  i t  is obvious tha t G6P and NADP , but not 
M g C ^ / are essen tia l fo r the enzymic a c t iv ity  o f the im m obilized 
enzyme preparation. M g C ^  is not essen tia l but increases the 
enzymic a c t iv ity  o f Sepharose 4B-G6PD.
S ta b ility  o f Im m obilized Enzyme Preparations
(i) Storage s ta b il i t y .
The im m obilized enzymes prepared using d iffe re n t methods on 
various carriers were stored in 0 .1 M sodium borate bu ffe r, pH 7 .6 ,  
in the cold room at 4 ° C .
The enzymic a c t iv ity  o f each preparation was determined under 
standard cond itions at the tim es shown in F ig s . 4 .5 , 4 .6  and 4 .7 .  
Sephadex G-25-G6PD (F ig. 4 .5 ) lo s t 40% o f its  o r ig in a l a c t iv ity
0.3*
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F ig . 4 .6  Storage s ta b il ity  o f G6PD Im m obilized on nega tive ly  
charged c a rr ie rs .
G lyc ine  Sepharose G6PD ( A ); A spartic  acid  Sepharose G 6PD ( A ); 
Valine Sepharose G6PD when va lin e  added at the same tim e as enzyme 
( o ) , 15 m inutes a fte r enzyme ( © ) and h a lf an hour a fte r enzyme ( o ); 
CH-Sepharose G6PD using carbodiim ide method ( o ) and cyanogen 
bromide method ( * ' ) .  Im m obilized enzyme preparations were stored 
at 4° C and the remaining enzym ic a c t iv ity  was determ ined at the tim es
ind ica ted by the standard procedure
0 . 20©.— .—— 0-----------—
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F ig . 4 .7  Storage s ta b il ity  o f G6PD im m obilized on p o s itiv e ly  charged 
c a rr ie rs .
Ethylene diam ine Sepharose-G6PD de riva tives  were prepared by adding 
ethylene diam ine at the same tim e ( A ) ,  15 m inutes a fte r ( A ) and h a lf  
an hour a fte r ( o ) the add ition  of e n zym e .. Im m obilized enzyme preparations 
were stored at 4° C for d iffe re n t periods o f tim e and th e ir  re s id ua l a c t iv ity  
was determ ined by the standard procedure.
on storage fo r 2 weeks at 4°C but Sepharose 4B-G6PD was com ple te ly 
stable under those c o n d itio n s . M oreover, Sephadex G-25-G6PD 
los t a ll its  a c t iv ity  on storage fo r 2 weeks a t room temperature 
whereas Sepharose-G6PD retained a ll its  o rig ina l a c t iv ity  a fte r 
storage at room temperature fo r 4 m onths. Sepharose-G6PD was 
chosen fo r further studies .
F ig . 4 .6  shows that nega tive ly  charged immobilized enzyme preparation 
are unstable except one in  w h ich  va line  was added a fte r h a lf an hour. 
Therefore th is  preparation was selected fo r further in ve s tig a tio n s .
As shown in F ig . 4 .7  the o n ly  stable preparation is the one in 
w hich ethylene diam ine was added a fte r h a lf an hour. This p o s itiv e ly  
charged preparation:was further cha racte rised .
( ii) pH S ta b il ity .
The e ffec t o f pH on the s ta b ility  o f the soluble enzyme and the 
fo llo w in g  im m obilized enzyme preparations; Sepharose-G6PD, 
Ethylenediamine Sepharose-G6PD and va line  Sepharose-G6PD, was 
determined by the incubation o f the enzyme preparations at a pa rticu la r 
pH fo r 3 hours and then measuring the remaining enzyme a c t iv ity  a t 
a standard pH o f 7 . 2 .  The resu lts  fo r the soluble and im m obilized 
enzyme preparations are shown in F ig . 4 .8 .
The im m obilized enzyme preparations were com plete ly stab le  over 
the pH range studied (pH 6 -  10), whereas the soluble enzyme a lthough 
stable at pH 7 .5 ,  was Inactivated at a ll other pH values s tud ied .
pH o f incubation
F ig . 4 .8  Effect o f pH on the s ta b il ity  o f g lucose- 6-phosphate dehydrogenas
The native enzyme ( n ) and the im m obilized enzymes (■) were incubated 
fo r 3 h rs . a t the pH ind ica ted . Then the enzyme a c tiv ity  rem aining was 
determined at pH 7.2 .
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Fig . 4 .9  E ffect o f temperature on the s ta b ility  o f g lu co se -6-phosphate 
dehydrogenase.
The na tive  enzyme (□) and the Sepharose-G6PD were incubated fo r 15 m in . 
at the temperature in d ica te d . Then the a c t iv ity  remaining was determ ined 
at 25 C . The a c tiv ity  o f the im m obilised enzyme was determ ined at the 
fo llo w in g  flo w  rates; 5 .0  m l/h  (a) ,  11.0 m l/h  (A),  22.5 m l/h  ( * )  and 
45.0 ml  h o
( i i i )  Thermal s ta b il ity .
A small amount o f Sepharose-G6PD was packed in a g lass column 
and enzymic a c t iv ity  determ ined. The imm obilized enzyme was 
taken out from the column into a sm all con ica l fla sk  and incubated 
fo r 15 m inutes at a pa rticu la r temperature w ith  continuous shaking .
The incubated preparation was cooled down q u ick ly  and the rem aining 
a c t iv ity  was determ ined. S im ila rly  im m obilized enzyme was incubated 
a t other temperatures and remaining enzymic a c t iv ity  a fte r incubation 
was determ ined.
The e ffec t o f temperature on the s ta b ility  o f soluble G6PD was 
also determ ined. The resu lts  fo r both the soluble enzyme and 
Sepharose-G6PD are shown in F ig . 4 .9 .  The soluble enzyme los t 
a ll its  a c t iv ity  a fte r incubation at 50°C , whereas the Sepharose-GSPD, 
under s im ila r co n d itio n s , re tained about 50% o f its  o r ig in a l a c t iv ity .
The e ffec t o f temperature on the s ta b ility  o f va line  Sepharose-G6PD 
and Ethylene diam ine Sepharose-G6PD was also determined as 
mentioned e a rlie r and resu lts  are shown in F ig s . 4 .10 .
Ethylene diam ine Sepharose-G6PD was more stable than v a lin e  
Sepharose*G6PD. Both these preparations were less stab le  than 
Sepharose-G6PD although these preparations were more stab le  than 
the soluble enzyme.
DISCUSSION
The se lection  o f the methods used fo r the im m obiliza tion  o f 
G6PD on various carriers was based on the pre lim inary re su lts
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F ig . 4.10 Effect o f temperature on the s ta b ility  o f va lin e  Sepharose- 
G6PD and ethylene diam ine Sepharose-G6PD.
The im m obilized enzymes were incubated fo r 15 m inutes a t the temperature 
ind ica ted . Then the a c t iv ity  remaining o f ethylene diam ine Sepharose- 
G6PD was determined at flo w  rates o f 20 m l/h r ( •  ) and 72 m l/h r  ( o )  and 
o f va lin e  Sepharose-G6PD at flo w  rates o f 20 m l/h r ( A) and 72 m l/h r  ( A) .
obtained w ith  the b inding o f bovine serum album in, (see Chapter I I ) .  
The s -tr ia z in e  method used fo r the coupling o f G6PD w ith  DE 52- 
ce llu lo se  was ou tlined  by W ilson  et a l . , (1968). The se lec tion  o f 
a p o s itive ly  charged anion exchange ce llu lose  carrie r as used here 
is based on the fo llo w in g  grounds: (1) DE 52 -ce llu lo se  would 
a ttrac t the nega tive ly  charged M -type  procion dye and produce mono- 
c h lo ro -s - tr ia z in y l ce llu lo se  tha t should be reactive  towards nu c leo - 
p h ilic  groups on the G6PD under m ild  a lka line  cond itions . (2) The 
iso e le c tric  po in to f G6PD from yeast is 4 .8  (Negelein and G erischer, 
1936) so tha t i t  w i l l  be nega tive ly  charged during the coupling at 
pH 7 .6 . Baker's yeast G6PD is qu ite  stable under these cond itions 
and since it  w i l l  be nega tive ly  charged i t  w i l l  be a ttracted by the 
p o s itive ly  charged ca rrie r. (3) Im m obilized G6PD preparation w ou ld 
carry an ove ra ll pos itive  charge and would therefore provide an 
e le c tro s ta tic  environment around the enzyme that would a ttrac t the 
two substrates w hich would be nega tive ly  charged over the normal 
pH range for assay.
In the cyanogen bromide method, a l l  the ac tiva tion  and washing 
procedures were performed in as short a tim e as poss ib le , because 
the im id o carbarn ate formed is h ig h ly  unstable (Cuatrecasas, 1970).
The activa ted o x id r ile  groups o f the carrie r have been cova le n tly  bound 
w ith  the amino groups o f the proteins . The presence o f substrates 
during the coupling procedure produced a more active , im m obilized 
enzyme preparation. This is one o f the methods used to protect the 
ac tive  s ite (s) o f the enzyme during im m ob iliza tion .
V isser et a l.  (1972) obtained a more active  Sepharose 4 B -lip o -
amide dehydrogenase in the presence o f substrate during the coupling 
re a c tio n . S im ila rly  coupling o f pullu lanase to ac ry la m ide -acry lic  
acid in the presence o f substrate pu llu lan  gave a 5- fo ld  increase in 
recovered a c t iv ity  over tha t obtained when substrate was om itted 
(Martensson and M osbach, 1972).
The ethylene diam ine-Sepharose 4B-G6PD obtained was more 
ac tive  when prepared at pH 8 .0  than at pH 1 0 .0 . This may be 
a ttribu ted to the in s ta b il ity  o f the soluble enzyme at pH 1 0 .0 .
But a va lin e  Sepharose~G6PD preparation was more a c tive  when 
prepared at pH 6 .0  than at pH 8 .0 . The soluble G6PD is  more stab le  
at pH 8 .0  than at pH 6 .0 .  Therefore some e ffec t o f pH, o ther than 
its  e ffec t on enzyme s ta b il ity ,  is  important in the case o f the preparations 
formed in the presence o f v a lin e . The va lin e  w i l l  have a greater 
ove ra ll negative charge at pH 8 .0  than at pH 6 .0  w h ich may increase 
its  b inding to the ca rrie r and thus decrease the a c t iv ity  o f the 
im m obilized enzyme as found in other experim ents.
The increase in enzymic a c t iv ity  o f DE 52 -ce llu lose  G6PD w ith  
the increase in ion ic  strength o f the reaction  m ixtu re , found in  these 
studies is in good agreement w ith  the find ing  o f previous work on the 
soluble enzym e'(G laser and Brown, 1955; Anderson and N o rd lie , 1968).
2 -  2-  2-Low concentrations o f 0 1 , 0 0 ^ / SO^ , and HPO^ had no e ffe c t
on the s ta b ility  o f the inso lub le  enzyme but theiy did have an e ffe c t 
on a c t iv ity .  H igh concentration o f NaCl in the reaction  m ixture 
caused inac tiva tion  o f the enzyme as shown by the s ta b il ity  te s ts . 
A lthough the concentration o f NaCl (90 mM) in the reaction  m ixture 
was less than tha t used in the washing procedure (I M ) to  remove
the unbound enzyme from the ca rrie r.
Further inves tiga tion  was not carried out on DE 5 2 -c e llu lo s e -
G6PD because th is  preparation was not s u ff ic ie n tly  stable and gave
a low y ie ld  o f enzyme a c t iv ity .
Kornberg (1950) obtained a 3-4 fo ld  increase in G6PD a c t iv ity  
+2by adding 0.01 M Mg to  the assay m ixture and he suggested tha t
G6PD may be a metal requiring dehydrogenase. In  these studies
on im m obilized G6PD, approxim ate ly 70% o f the a c t iv ity  was found
+2in the absence o f Mg . This find ing  is  in good agreement w ith  
the previous workers (Warburg and C h ris tia n , 1937; G laser and 
Brown, 1955) working w ith  the soluble enzyme.
The s ta b ility  o f im m obilized enzymes must be studied ve ry  
ca re fu lly  in order to assess th e ir possible p ractica l advantages 
over the soluble enzym es. The s ta b il ity  o f the soluble and 
im m obilized enzyme preparations can be discussed as fo llo w s  .
Glucose 6-phosphate dehydrogenase was attached to both 
Sepharose 4B and Sephadex G -25 a fte r cyanogen bromide a c tiv a tio n . 
The Sepharose preparation was the much more stable o f the tw o . This
may be due to the s tructu ra l d iffe rences between Sephadex and Sepharo
Although no d e fin ite  model has been established fo r Sepharose,there 
is evidence tha t the loose structure consis ts  o f h e lic a l parts w herein 
two chains are co iled  together, interspaced w ith  more amorphous 
regions (Rees, 1969). Therefore one would expect tha t G6PD, a 
big m o lecu le , would be bonded both on the surface and ins ide  the 
Sepharose gel but on ly  on the external surface o f the Sephadex 
p a rtic le s . The three dim ensional structure o f G6PD may be held
more firm ly  when bound.to Sepharose w hich would exp la in  the complete 
s ta b il ity  on storage o f imm obilized enzyme fo r 4 months even at room 
tem perature. S im ilar find ings have been observed by Axen and 
Ernback (1971), B ar-E li and Katchalsk i (1963) and Epstein and Anfinsen 
(1962).
The ro le o f the carrie r toward the s ta b ility  o f the im m obilized 
enzymes is more pronounced in case o f g lyc ine  Sepharose-G6PD, 
aspartate Sepharose-G6PD, va line  Sepharose-G6PD and ethylene 
diam ine Sepharose-G6PD. In some o f these preparations, the '
chem ical substances i . e .  g lyc in e , aspartic  a c id , va line  and ethylene 
diam ine were added at the same tim e as the enzyme. The lack o f 
s ta b il ity  o f these preparations is due to  the charge on the carrie rs  
around the im m obilized enzyme m olecules when compared to 
Sepharose-G6PD. I t  can a lso be assumed tha t sm all m olecules 
like  g lyc in e , v a lin e  and ethylene diam ine have penetrated in to the 
pores o f the Sepharose partic les s lig h t ly  more ra p id ly  than the enzyme 
m o lecu les . This may cause some increase in the concentration o f 
enzyme m olecules on the surface o f the Sepharose p a rtic le s . This 
is l ik e ly  to  re su lt in an increased rate o f loss o f enzym ic a c t iv ity  
on storage. Those enzyme m olecules tha t were bound w ith in  the 
pores o f the Sepharose were apparently also inactivated by the 
charged m icro-environm ent.
These points were fu rther supported by the Increase in s ta b il ity  
o f the im m obilized enzyme preparations when ethylene diam ine and v a lin e  
were added a fte r the enzyme. The most stable preparations were 
obtained when va lin e  and ethylene diam ine were added h a lf an hour
a fte r the enzyme. This gave the enzyme m olecules tim e to penetrate 
into the Sepharose pa rtic les  and the ove ra ll charge in the enzymes 
m icro-environm ent would have been considerab ly reduced, m a in ly  
due to the hyd ro lys is  o f the reactive  imidocarbonate groups on the 
activa ted  Sepharose.
Sepharose-G6PD as w e ll as ethylene diam ine Sepharose G6PD 
and va lin e  Sepharose-G6PD, when ethylene diamine and va lin e  were 
added h a lf an hour a fte r the enzyme, were com plete ly stable over the 
pH range stud ied . The s ta b il ity  o f the native enzyme was m arkedly 
affected by pH.
This e ffec t o f pH on the s ta b ility  o f the soluble enzyme is 
irre ve rs ib le . Enhanced pH s ta b ility  is  frequently  achieved on 
im m obiliza tion but i t  is not a general ru le . G oldste in  et aj,. (1971) 
prepared im m obilized naringinase de riva tives  and found tha t the y  were 
less stable toward pH than the native enzyme. S im ila rly  Sekine 
(1973) found tha t neutra l proteinases I and I I  were less stable towards 
pH on im m obiliza tion  w ith  Sepharose than were the na tive enzym es.
On the other hand, and s im ila r to  my fin d in g s , an ion ic and ca tio n ic  
de riva tives  o f tryp s in  and chym otrypsin were found to be more stab le  
over the pH range studied (pH 3 .0 to pH 11.0) than were the na tive  
proteins (G o lds te in , 1973).
These m odified patterns o f s ta b il ity  towards pH may be a ttribu ted  
to the firm  binding o f the enzyme w ith  the ca rrie rs , w hich protect the 
three d im ensional structure o f the enzyme from changes that m igh t be 
caused at d iffe re n t pH 's .
Increased thermal s ta b ility  is  norm ally hoped fo r from im m obilized
enzymes when coupled to  hyd roph ilic  carriers such as Sephadex and 
Sepharose. Im m obilized enzyme preparations having increased heat 
s ta b ility  were obtained in these s tu d ie s . The e ffec t o f high temperature 
on the s ta b ility  o f both so luble and im m obilized enzymes were 
irre ve rs ib le . Since the inactiva ted  enzyme did not regain fu l l  
a c t iv ity  when stored fo r 12 hours a t 4 °C .
Sepharose e lastase was found to  be more heat stable than the 
na tive  enzyme by Sundberg and K ristiansen in 1972. A proteinase 
coupled to Sepharose was also found to be more heat stable than the 
free enzyme (Gabel and H ofsten , 1970). However C M -ce I lu lose -  
bromelain (Wharton et aj., 1968), Sepharose-proteinases I and I I  
(Sekine, 1973) and halogenacetyl ce llu lose-g lucoam ylase  (Meda and 
Suzuki, 1972) showed alm ost id e n tica l heat s ta b ility  when compared 
to the native enzymes.
The s ta b iliza tio n  o f the im m obilized enzyme preparations towards 
storage, pH and to a lesser extent towards temperature can be the 
re su lt o f several fa c to rs . The presence o f the carbohydrate as such 
may a lte r the s u s c e p tib ility  o f the G6PD to  un fo ld ing . The m od ifica tion  
o f amino groups during the coupling reactions may lead to a 
m od ifica tion  o f the enzyme w hich is  more stable than the na tive  enzyme. 
F in a lly  the c ro ss -lin k in g  between the enzyme and the Sepharose m ight 
be an important fac to r by protecting the enzyme against un fo ld in g .
In conclusion the recovery o f the enzymic a c t iv ity  after 
im m obiliza tion  was ^3% o f the o rig in a l enzyme added. This is not 
a good y ie ld  but the im m obilized enzyme preparations were much more 
stable than the soluble enzyme e sp e c ia lly  toward changes in pH and
storage. When the carrie r had too great a negative or p o s itive  charge 
the s ta b ility  o f im m obilized enzyme preparations was g rea tly  decreased 
These preparations were also more heat stable than the soluble enzyme, 
Therefore th is  was a pos itive  step towards the production o f NADPH 
using im m obilized G6PD and further investiga tions were carried out 
as mentioned in the next chapter.
CHAPTER V
THE EFFECT OF pH ON SOLUBLE AND IMMOBILIZED 
GLUCOSE 6-PHOSPHATE DEHYDROGENASE
INTRODUCTION
The pH o f a reaction  m ixture plays an important ro le  in enzyme 
cata lysed reactions . The e ffec t o f pH on the equilib rium  constant 
o f enzyme reactions has been studied by many workers (M eyerhof and 
Oesper, 1947; Racker, 1950; Burton and W ils o n , 1953; and V ida l and 
Vanuden, 1973). Negelein and W u lff (1937) studied the equ ilib rium  
constant o f a lcohol dehydrogenase at pH 7 .9 . No measurements at 
other pH values were reported in th e ir paper . Racker (1950) reported 
the equ ilib rium  va lues o f the same enzyme at d iffe ren t p H 's . He 
found tha t the equ ilib rium  constan t, Keq, was independent o f the pH 
when the Keq was ca lcu la ted w ith  the inc lus ion  o f the hydrogen ion 
concentra tions.
G laser and Brown (1955) ca lcu la ted  the equilib rium  constant o f the 
reaction cata lysed by glucose 6-phosphate dehydrogenase, but again 
measurements were re s tric te d , in th is  case to pH 6 .4 .
The reaction cata lysed by G6PD can be w ritte n  a s ;-
•j-
glucose 6-phosphate + NADP 6 phosphoglucono- 6- la c to ne  + NADPH + H'
I t  is apparent from th is  equation tha t hydrogen ions take part in the 
re a c tion . High hydrogen ion concentrations should favour the 
equilib rium  o f the reaction to the le ft ,  w h ile  a low hydrogen ion concen­
tra tion  should sh ift the equilib rium  to the r ig h t.
As mentioned in Chapter I ,  one o f the ob jects  o f th is  research was 
to  investiga te  the most su itab le cond itions fo r the production o f NADPH.
- Therefore it  was decided to investigate the e ffec t o f pH on the a c t iv ity
and on the equilib rium  o f the reaction cata lysed by G6PD, both in the 
soluble and im m obilized form s. The e ffects  o f carrie r side cha ins on 
pH optimum and reaction eq u ilib ria  have also been inves tiga ted .
METHODS AND RESULTS
Effect o f D iffe ren t Buffers on the A c tiv ity  o f the 
Im m obilized Enzyme
To se lect the most appropriate buffer at a pa rticu la r pH, assay 
m ixtures conta in ing d iffe ren t buffers at various pH va lues were passed 
through the Sepharose-G6PD colum n. The ex tin c tion  o f the e fflu e n ts  
was determ ined. The s ta b ility  o f the im mobilized enzyme was checked 
by passing a standard assay so lu tion through the column a t the end 
o f each experim ent. The resu lts  are shown in Fig 5 .1 .
I t  is  re a d ily  seen tha t the a c t iv ity  o f the im m obilized enzyme 
preparation va ries  w ith  the nature o f the bu ffe r. M a le ic  acid  bu ffe r 
(pH 6 .0 to 7 .0) gave lower a c t iv ity  than e ither m alic or m aIonic acid 
bu ffe rs . M a lic  acid-N aO H  buffer (pH 6 .0  to 7 .0 ) was selected fo r 
further studies at these pH va lu e s . G lycy lg lyc ine  bu ffe r was used 
between pH 7 .0  to pH 9 .0 .  Between pH 9 .0  and 10 g lyc ine  bu ffe r 
gave higher a c t iv ity  than e ithe r carbonate or borate bu ffe rs . Therefore 
g lyc ine  buffer was used over th is  pH range.
Optimum pH
The e ffec t o f pH on the a c t iv ity  o f the soluble enzyme was 
investiga ted under conditions s im ila r to those described in Chapter I I
-3
4
0
0 .3
B
0 . 2
0.1
6 . 0 7 .0 8 . 0 10.09.0
pH
F ig . 5.1 E ffect o f d iffe ren t buffers on the a c tiv ity  o f Sepharose-G6PD.
A c tiv ity  o f the im m obilized Sepharose-G6PD was determined by passing 
the assay m ixtures contain ing 42 mM maleate buffer at pH 6 .0  to 7( 0 ) ,
42 mM malate and maIonic buffers at pH 6 .0  to 7 ( ° ) ,  42 mM g ly c y lg ly c in e
buffer at pH 7 to 9 ( a ) ,  42 mM g lyc ine  buffer at pH 9 .0  to  10 .0 (© ),
and 42 mM borate buffer at pH 9 .0  to 10.0 (A) and 42 mM carbonate b u ffe r  
a t pH 9.0 to  10.0 f a ) . _ . ■
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F ig . 5.2 Effect o f pH on the a c tiv ity  o f soluble G6PD.
except that the assay m ixture was at a d iffe ren t pH each tim e .
The e ffec t o f pH on the a c t iv ity  o f im mobilized enzyme preparations, 
Sepharose 4B-G6PD, ethylenediam ine Sepharose 4B-G6PD and va lin e  
Sepharose 4B-G6PD (for preparation see Chapter IV ), was determined 
by passing assay so lu tions at d iffe ren t pH values through the packed 
beds o f each enzyme at various flo w  ra te s .
Fig. 5.3 shows tha t Sepharose-G6PD had an optimum pH a t about 
8 .5 . This is about the same as the pH optimum o f the soluble enzyme 
(F ig . 5 .2 ). Valine Sepharose-G6PD (F ig . 5.4). had an optimum pH a t 
about 9 .0  w hich is  sh ifted about 0 .5  un its towards the a lka lin e  side o f 
the soluble enzym e. F ig . 5 .5 . demonstrated tha t ethylene diam ine 
Sepharose G6PD had an optimum pH at about 8 .0  w hich is  sh ifted  
about 0 .5  un its  toward the ac id ic  side compared to the Soluble enzym e.
The optimum pH o f Sepharose-G6PD was also determined by using 
a high flo w  rate re c ircu la tio n  reactor system . S im ilar resu lts  (F ig . 5.6) 
were obtained to  those found w ith  the packed bed reactor i . e .  pH 
optimum 8 .5 . There was a steep decline  in a c t iv ity  above pH 8 .5 .
Equilibrium  Measurements
In the case o f soluble G6PD, standard reactants and buffers a t a 
particu la r pH were pipetted into a cuvette w ith  a 1 cm lig h t path to 
produce a volume o f 3 m l. The in it ia l pH o f the reaction m ixture 
was varied between 3 to 10 by using d iffe ren t bu ffe rs . The reaction  
was started by adding excess o f enzyme and fo llow ed spectra photo­
m e trica lly  at 340 nm t i l l 'a  constant ex tinc tion  was o b ta in e d . The f in a l
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F ig . 5 -3  E f fe c t  o f  pH on the  a c t i v i t y  o f  Sepharose-GbPD.
The a c t i v i t y  o f  the  im m ob ilize d  enzyme was de te rm ined 'by  pass ing  the  
s tandard  assay m ix tu re  a t  the  in d ic a te d  pH and the  fo llo w in g  f lo w  ra te s  
5.0  m l/h r  ( A ) ,  11.5  m l/h r  ( O ) ,  22 .5  m l/h r  ( ' □ )  and h-5.0 m l/h r  ( H ) .
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Fig.EL4 Effect o f pH on the a c tiv ity  o f va lin e  Sepharose-G6PD
The a c t iv ity  o f the im m obilized enzyme preparation was measured by 
passing the assay m ixtures at 72.0 m l/h r  (D) and 19.5 mL/hr ( A) through 
the enzyme column.
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F ig . 5 .5  Effect o f pH on the a c tiv ity  o f ethylene diam ine Sepharose-G6PD.
The a c t iv ity  o f the im m obilized enzyme preparation was determ ined by 
passing the assay m ixtures at 72 .0 m l/h r ( •  ) and 19.5 m l/h r ( O) through
the enzyme colum n.
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F ig . 5.6 Effect o f pH on the a c t iv ity  o f Sepharose-G6PD at h igh  flo w  
rate (10 m l/m  in ) .
pH va lues at equ ilib rium  were also measured .
In  the case o f im m obilized G6PD preparations, the assay m ixtures 
at various pH values were recircu la ted through the im m obilized enzyme 
column t i l l  a constant ex tinc tion  was obtained . At the end o f each 
experiment the pH o f the rec ircu la ted so lu tion was measured and the 
re c ircu la tio n  reactor system was washed thoroughly w ith  bu ffe r.
F ig . 5.7 demonstrates the e ffec t o f pH on th e A E g ^a t equ ilib rium  
o f the reaction cata lysed by the soluble enzyme. As the f in a l pH was 
increased, from 3 .6  to 4 .4  there was an increase in e x tin c tio n . Then 
there was an abrupt increase in ex tin c tion  as the pH was increased 
from pH 4 .4 .  to pH 5 .3 . A gradual increase in ex tinc tion  was obtained 
when the pH was increased from pH 5.3 to pH 8.6 and then there was a 
drop in ex tin c tion  w ith  the increase in pH o f the assay m ix tu re . 
Approxim ately s im ila r resu lts  were obtained w ith  Sepharose-G6PD (F ig . 5 
and ethylenediam ine-Sepharose-G 6PD (F ig. 5 JO). However w ith  va I ine - 
Sepharose-G6PD (F ig. 5 .9 ) the h ighest ex tin c tion  was found at pH 7*8 
and then there was a drop in ex tin c tion  w ith  the increase in pH o f the 
assay m ix tu re .
E ffect o f Time on the Position o f Equilibrium
Standard assay so lu tion , 30 m l, was prepared at pH 8 .0 . Three 
tes t tubes each conta in ing 9 ml o f the assay were set up. In the 
f ir s t  tube G6PD was added to complete the reaction in 5 m inu tes.
In the second tube less enzyme was added so tha t the reaction  reached 
equ ilib rium  a fte r 2 h r. A ve ry  small amount o f the G6PD was added in
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F ig . 5.7 Effect o f pH on the equ ilib rium  o f soluble G6PD.
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F ig . 5 .8  Effect o f pH on the equ ilib rium  o f Sepharose G6PD.
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the th ird  tube so tha t the reaction was completed a fte r 5 h rs . Change 
in ex tin c tion  in each tube was measured at d iffe ren t time in te rva ls  and 
the resu lts  are shown be low .
Time ^  ^*340 re ac ti ° n m ixture conta in ing 
d iffe ren t amounts o f enzyme
0 minute 0.0 0.0 0.0
8 m inutes 0.44 0.23 0.04
17 minutes 0.45 0.29 0.07
30 minutes 0.45 0.32 0.09
2 hours 0.45 0.445 0.23
4 hours 0.45 0.440 0.39
5 hours 0.45 0.45 0.45
Table 5.1 E ffect o f reaction time on the position o f eq u ilib riu m .
From these resu lts  i t  is  c lea r tha t equ ilib rium  point is  independent 
o f the reaction time at pH 8 .0 .
S ta b ility  o f NADP+ at A lka line  pH
Standard assay m ix tu res, 15 m l, were prepared at d iffe re n t pH 
va lues using g lycy lg lyc in e  buffer between pH 8.0 to 9 .0  and g lyc ine  
buffer at pH 1 0 .0 . Assay m ixtures were stored at 25° C in a w ater 
ba th . At d iffe ren t time in te rva ls  an excess o f enzyme was added and 
the reaction was fo llow ed to com pletion. The temperature o f the assay 
m ixture was contro lled by re c ircu la ting  water in the outer ja cke t o f the 
cuvette ho lder. The resu lts  are summarised in Table 5 .2 .
•f*
These resu lts  ind ica te tha t NADP is unstable over the pH range 
studied (pH 8 .0  to pH 10 .0 ), but tha t the most s ig n ifica n t change does 
not occur u n til the pH 9 .
Assayed a fte r
Total change in ex tinc tion  o f the 
assay m ixture at pH
8.0 8.5 9 .0 10.0
45 minutes 
150 m inutes
0.45
0.44
0.46
0.44
0.47
0.43
0.32
0.25
Table 5.2 S ta b ility  o f NADP at a lka line  pH.
S ta b ility  o f NADPH at D iffe ren t pH
Assay so lu tions conta in ing 42 mM bu ffe r, and 10 mM M g C ^  were 
adjusted to d iffe ren t pH values using d ilu ted  NaOH or H C l. M alonate 
buffer pH 4 .0  to pH 7 .0 , malate bu ffe r pH 4 .0  to  7 .0 , g ly c y lg ly c in e  
bufffer pH 4 to  7 .0  and pH 9 .0  to 1 0 .0 , and g lyc ine  bu ffe r a t pH 9 .0  
to 10.0 were used. Then 1 .0  ml o f 0.1 M NADPH was added to  a 
sm all con ica l fla sk  conta in ing 6 .5  ml o f each o f the assay m ix tu res . 
The contents o f the fla sk  were mixed thoroughly and the E ^ q was 
noted at 25° C against d is t il le d  w a te r. The assay m ixtures were 
stored at 25°C in the water bath and E ^ q was measured at d iffe re n t 
time in te rva ls  . The re s u lts , w hich are the mean value o f d u p lica te s , 
are g iven in Table 5 .3 .
From the resu lts  it  is  c lea r tha t NADPH gave d iffe ren t E ^ q va lues 
at d iffe re n t p H 's . I t  gave the h ighest ex tinc tion  at pH 5 .0  and 6 .0  
in both malate and g lycy lg lyc in e  bu ffe rs . I t  is  also c lea r tha t the 
same concentration o f NADPH gave d iffe ren t ex tin c tion  va lues in 
d iffe re n t buffers at the same pH. G lycy lg lyc in e  and malate buffers 
gave h igher ex tinc tion  readings than malonate bu ffe r. M a la te  and 
g ly cy lg lyc in e  gave the same ex tinc tion  at the same pH. S im ila rly  
g ly c y lg ly c in e  (at pH 9 .0 and 10.0), gave the same e x tin c tio n  as g lyc in e
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(at pH 9 .0  and 1 0 .0 ). NADPH is  most unstable in ac id ic  region in 
a l l  the buffers s tud ied . I t  was com plete ly unstable at pH 4 .0  a fte r 3 
hours, but its  s ta b il ity  increased as the pH was increased and i t  was 
stable in the a lka lin e  region studied (pH 9 .0  and 10 .0 ).
DISCUSSION
I t  is re a d ily  seen from F ig . 5.1 tha t the nature o f the bu ffe r has a 
pronounced e ffec t on the a c t iv ity  o f the Sepharose-G6PD. The 
im m obilized enzyme is less active  in maleate buffer than in malonate 
and malate buffers at pH 6 .0  and 7 .0 .  This d iffe ren t e ffec t o f buffers 
on the a c t iv ity  o f the im m obilized enzyme is  most c lear a t pH 1 0 .0 .
The im m obilized enzyme d id  not g ive any a c t iv ity  in borate bu ffe r 
w h ile  it  gave approxim ate ly 22% o f its  a c t iv ity  in carbonate bu ffe r 
when compared to g lyc ine  bu ffe r. The change in  enzymic a c t iv ity  
due to buffers m ight be due to the in h ib ito ry  e ffec ts  o f ions present 
in the d iffe ren t b u ffe rs . Chung and M idd led itch  (1972) obtained 
s im ila r resu lts  w ith  Sepharose-pyridine nucleotide transhydrogenase.
The e ffec t o f pH on the a c t iv ity  o f im m obilized enzymes has been 
ex tens ive ly  investigated (see Chapter I ) .  Soluble G6PD (F ig . 5 .2) 
and Sepharose-G6PD (F ig . 5.3) have about the same optimum pH -  8 .5 . 
This is in agreement w ith  the resu lts  obtained for Sepharose-pa pa in 
by Axen and Ernback in 1971, but they also found tha t the pH optimum 
o f im m obilized chym otrypsin and tryp s in  was d isp laced toward the 
a lka lin e  s ide . Sundberg and Kristiansen (1972) also found tha t the 
optimum pH of Sepharose-elastase is d isp laced about 1 .0  pH u n it
tOM
toward a lka lin e  sLde. Although Sepharose is a neutra l ca rrie r it  is 
s lig h t ly  nega tive ly  changed a fte r CNBr treatm ent. Therefore a s h ift 
in optimum pH toward h igher pH va lues on im m obilization is expected.
The magnitude o f the disp lacem ent o f pH is a lso dependent on the 
d iffu s io n  rate o f the substrate (s'), and product (s ). In these studies 
the pH optimum o f Sepharose G6PD was determined at high (10 m l/m  in) 
and low (5 .0  -  45 m l/h ) flo w  ra tes . At high flo w  rate the pH optimum 
was 8 .5  s im ila r to  the soluble enzyme. The pH a c t iv ity  curve is more 
s im ila r to soluble enzyme curve than at a slow  flo w  ra te . At high 
flo w  rate (10 m l/m  in) the re c ircu la tio n  reactor system was gradientLess 
and pH a c t iv ity  curve o f the im m obilized enzyme was expected to be 
s im ila r to so luble enzyme curve. Packed bed was used at slow  flo w  
ra tes w hich does not g ive grad ientless cond itions and so there could 
be an accum ulation o f protons' in the m icroenvironments o f the 
imm obilized enzyme w hich  gave the change in pH a c t iv ity  curves o f 
the soluble and im m obilized enzymes.
The e ffec ts  o f the loca l environment imposed on the im m obilized 
enzyme by the chem ical nature o f the side chain o f the ca rrie r are 
demonstrated in F ig s .5.4 and 5 .5 . The p H -a c tiv ity  p ro file  o f a 
nega tive ly  charged de riva tive  o f G6PD, va lin e  Sepharose-G6PD, was 
d isp laced towards the a lka lin e  side . S im ilar resu lts  have been reported 
fo r several naga tive ly  charged im m obilized enzyme de riva tive s  (Chapter I ) .
hthiJ'
On the o ther, the p H -a c tiv ity  curve o f p o s itive ly  charged G6PD, ethylene 
diam ine Sepharose-G6PD was d isp laced towards the a c id ic  s id e .
S im ila r observations have been obtained by other w o rke rs . The 
perturbation o f the pH curves o f im m obilized G6PD de riva tive s  can 
b e  a t t r ib u te d  to  e le c t r o s t a t i c  c a r r ie r - in d u c e d  e f f e c t s . T h e s e  r e s u l t
in an unequal d is tr ib u tio n  o f hydrogen and hydroxyl ions between the 
im m obilized enzyme phase and the bu lk so lu tion .
Concentration gradients also play a part in th is  sh iftin g  o f 
optimum pH. The libe ra tion  o f hydrogen ions during the reaction  can 
lower the loca l pH. and lead to a d isp laced p H -a c tiv ity  curve .
The p la u s ib ility  o f such models was demonstrated by Axen and 
Ernback (1971) and G oldste in  (1973). Axen and Ernback (1971) 
reported v is u a lly  confirm ing a lower in terna l pH o f Sepharose- 
chym otrypsin w ith  acid base ind ica to rs . Other factors such as 
chem ical m od ifica tion  o f the enzyme on im m obilization and charge 
e ffects  could a lso a ttribu te  to the ove ra ll d isplacem ents observed.
Equilibrium  studies were carried out in an attempt to determ ine 
the pH at w h ich  the im m obilized enzymes were working . T h eo re tica lly  
the equ ilib rium  position reached by a reaction cata lysed by an 
im m obilized enzyme should be the same as that reached by the so lub le  
enzyme, i f  the enzymes were working at the same pH. Since the 
equ ilib rium  position  o f the reaction cata lysed by G6PD is affected by
■f
H i t  should be possible to check whether an im m obilized enzyme is  
working at the same pH as the bu lk so lu tion  or i f  the pH o f the m icro ­
environment is  very d iffe ren t from tha t o f bu lk so lu tion .
The shape o f the fin a l E ^ q nm versus fin a l pH curves obtained 
were not com plete ly as expected. Although they were aIL s im ila r in  
certa in  respects . At acid pH the e x tinc tion  at equ ilib rium  was low  
but rose ra p id ly  w ith  pH. Around n e u tra lity  there was a gradual Increase 
in ex tin c tion  w ith  pH w hich was then su rp ris ing ly  reduced at a f in a l 
pH ~ 9 . Reasons fo r the shape o f the curves were considered and i t  
was decided to study the s ta b ility  o f NADP+ , NADPH and the e x tin c tio n  o f
NADPH at various pH (Tables 5.2 and 5.3) . The resu lts  obtained
could be affected by both factors esp ec ia lly  when i t  is  remembered
that the im m obilized enzyme preparations took 3-10 hours to reach
equilib rium  w h ile  the reactions cata lysed by the soluble enzyme were
completed in 10-15 m inu tes .
Lowry et a I . (1961) reported tha t ox id ised  and reduced pyrid ine
co-enzym es were unstable in a lka line  and a c id ic  regions re sp e c tive ly .
*f*They m ostly  concentrated on NAD and NADH. S im ila r resu lts  were
obtained in these studies (Tables 5.2 and 5 .3 ) . The in s ta b ility  o f
■
NADP and NADPH exp la in  the d iscrepancy in equ ilib rium  studies
found between the various im m obilized enzymes and the soluble enzym e.
•4*
Below pH 7 the NADPH produced was unstable w h ile  above pH 9 NADP 
was p a rticu la rly  unstable so that some o f i t  was destroyed before i t  
took part in the reac tion .
F in a lly  it  was considered tha t the hyd ro lys is  o f one o f the reaction  
products/ 6-phosphoglucono- 6 - la c to n e / to form 6-phosphog lucon ic 
a c id / m ight have an e ffec t on the equ ilib rium  position depending on 
the time taken to reach eq u ilib riu m . This was checked at pH 8 .0  
but there was no d iffe rence between the equ ilib rium  e x tin c tio n  whether 
the reaction was completed in 10 m ins . or 5 hours.
From these considerations i t  is  apparent tha t on ly  re su lts  where 
both the in it ia l and fin a l pH o f the reaction  m ixture were between 7 
and 9 should be considered fu rthe r. These resu lts  are g iven in  Table 5 .4 .
The resu lts  obtained using the soluble enzyme are as expected, an 
increase in e x tinc tion  value as the f in a l pH o f the assay m ixture was 
increased. From these resu lts  equilib rium  constan ts, tak ing  into 
a c c o u n t  th e  [H Iw e re  c a lc u la t e d . T h e  v a lu e s  o b ta in e d  w e re  b e tw e e n
... —70.2 -  2 .0 x  10 M . These resu lts  are in good agreement w ith  
those o f G laser and Brown (1955).
Enzyme used In it ia l pH F ina l pH AE340 nm
Soluble G6PD 7.3 7.3 0.45
8.0 7.9 0.46
9 .0 8.6 0.49
Sepharose- 7 .0 7 .0 0.33
G6PD 8.0 8.0 0.35
9 .0 9 .0 0.39
Valine 7 .0 7 .0 0.36
Sepharose- 8.0 7 .8 0.50
G6PD 9 .0 8.4 0.46
Ethylene 7.0 7.2 0.28
d iam ine- 8.0 8.0 0.33
Sepharose- 9 .0 8 .5 0.41
G6PD
Table 5.4 E ffect o f pH on-the equilib rium  o f the reaction  ca ta lysed 
by soluble and im m obilized enzymes.
Sepharose-G6PD gave an increasing ex tinc tion  value w ith  
increasing f in a l pH. Very s im ila r resu lts  were obtained w ith  e thy lene - 
diam ine Sepharose-G6PD. Both these preparations gave low er e x tin c tio n  
values than those o f the soluble enzyme. One possible exp lana tion  
fo r th is  d iffe rence is tha t the protons produced during the enzyme 
cata lysed reaction remained in the m icroenvironment o f the enzyme.
This would lower the pH in the v ic in ity  and therefore reduce the to ta l 
amount o f the reac tion . One experiment was done w ith  v a lin e -  
Se pharos e-G6PD at the s lower flo w  ra te , 1 m l/m  in , w hich should not
give grad ientless co n d itio n s . The same change in ex tin c tion  at 
equilib rium  was obtained as fo r the h igher flo w  rate . In a ll these 
experiments a greater amount o f im m obilized enzyme was used than 
recommended for grad ientless cond itions (< 2% per pass convers ion )- 
These points g ive  some w eight to the possib le accum ulation o f protons 
in the v ic in ity  o f the im m obilized enzymes.
The resu lts  w ith  va line-Sepharose-G 6PD do not fo llo w  the pattern 
o f the other th ree . The ex tinc tion  value at in it ia l pH 9 .0 is  lower 
than at the in it ia l pH 8 .0 . One possib le explanation fo r th is  is  tha t 
the reaction was ve ry  slow ,about 10 hrs,and during th is  time some o f
•J-
the NADP in the reaction m ixture could have been made unava ilab le  
fo r the re ac tion . The high ex tin c tion  value obtained a t in it ia l pH 8 .0  
is  contrary to that expected. This im m obilized enzyme preparation 
carried a negative charge w hich should a ttrac t protons from the bu lk  
so lu tion , thus reducing the pH value at w hich the im m obilized enzyme
was w ork ing . This should a lso reduce the equilib rium  point o f the 
re a c tio n .
The on ly  pos itive  th ing from equilib rium  studies is tha t fo r the 
production o f NADPH, a pH between 8 .0  and 9 .0  is de s ira b le . 
Fortunate ly the pH optimum o f a l l  the preparations studied is  in the 
same pH range . Care should be taken not to use cond itions under 
w hich e ithe r substrates or products are unstab le .
CHAPTER V I
THE KINETICS OF SOLUBLE AND IMMOBILIZED 
GLUCOSE 6-PHOSPHATE DEHYDROGENASE FROM 
BAKER'S YEAST
INTRODUCTION
The reduced coenzyme produced by the pentose phosphate 
pathway is  the major source o f m etabolic hydrogen in aerobic organisms 
for the form ation o f s te ro ids , fa tty  ac id s , glutamate and other c e llu la r 
components. The k in e tic s , includ ing the regula tion o f the a c t iv ity  
o f the f ir s t  enzyme in th is  pathway, G6PD, have been studied by 
several workers (see Bon signore and De F lo ra , 1972).
More than seventy apparently d is t in c t,  q u a lita tiv e ly  d iffe re n t 
va rian ts  o f G6PD have been reported to date (Kirkman, 1971; Yoshida 
e ta j, . ,  1971). O live  e ta jL  (1971) have d iv ided them into three groups 
on the basis o f th e ir coenzyme s p e c if ic ity . A f ir s t  group is spe c ific
•j-
fo r NADP , such as G6PD from Neurospora crassa (Scott and Tatum,
1971), Candida u t i l is  (Domagk et aj.. ,1969), Brewer's yeast (Warburg 
and C h ris tia n , 1936), P en ic illium  dupontl and P en ic illium  notatum 
(M alcolm  and Shepherd, 1972) and Escherichia c o li (Sanwal, 1970).
-J-
A second group reacts w ith  NADP but aLso d isp lays  lower and va riab le
■j"
a c t iv ity  w ith  NAD and some analogues o f both NAD and NADP .
This group includes animal G6PD (Levy, 1961). The th ird  group o f
+
G6PD react w ith  both NAD and NADP at comparable ra tes , such as 
G6PD from Leuconostoc mesenteroides (De Moss e ta l  . , 19 53; O live  
e ta ] , . ,  1971), Pseudomonas aeruginosa (Lessie and N eidhard t, 1967), 
T h iobac illus  ferroxidans (Tabita and Lundgren, 1971) and Hvdroqenomona s 
H16(Backkolband Schiegel, 1968). These G6PD cons is t o f a s ing le  
enzyme capable o f reacting w ith  both NAD and NADP . However, 
Benziman and M azover (1973) have com ple te ly separated and
+  - f -
p a rtia lly  purified NAD -lin k e d  G6PD from the corresponding NADP 
enzyme from Acetobacter x y iin u m . They have demonstrated tha t 
in A . xyiinum  these a c tiv it ie s  are associated w ith  separate pro te ins. 
G6PD from baker's yeast belongs to the group w hich react
■f-
e x c lu s ive ly  w ith  NADP and Table 6 .1 summarises on ly  the k in e tic  
constants o f G6PD o f tha t group, the data prior to 1963 were co llec ted  
by Noltmann and Kuby (1963).
+Afolayan (1972) showed tha t the re la tive  amounts o f NADP and 
NADPH are important in the regula tion o f th is  enzyme from Candida 
u t i l i s . D eta iled  studies o f the e ffec t o f product in h ib it io n , using 
NADPH, have been done on th is  enzyme from Leuconostoc m esenteroides 
(O live  et a L  , 1971) and from Escherichia c o li (Sanwal , 1970).
The in h ib itio n  o f brewer's yeast G6PD by ATP (Passonneau et a l . , 
1966; Avigad, 1966; Bon signore et a I . ,  1966; and Horne e t a l . ,  1970) 
may have an important ro le in m odulating the a c t iv ity  o f th is  enzyme .
In th is  present chapter, the s teady-sta te  k in e tic s  o f G6PD from 
baker's yeast are reported and the resu lts  compared w ith  th is  enzyme 
from other sources. The steady-sta te  k in e tic s  o f im m obilized G6PD 
from baker's  yeast are compared w ith  those o f the soluble enzym e.
The possible regu la tory e ffects o f NADPH and ATP on the a c t iv ity  o f 
th is  enzyme are also d iscu sse d .
METHODS AND RESULTS
R ecircu lation Reactor System 
To avoid d iffu s io n a l gradients,a re c ircu la tio n  reactor system w ith
high flow  rates (Ford et a d ., 1972) was used as described in Chapter I I .
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T a b le  K in e t ic  c o n s ta n ts , o f  i i i l i  s p e c i f i c  ib P i  fro m  d i i f e r e n t  s o u rc e s .
(i) Enzyme Loading.
The response o f the assay system to d iffe ren t concentrations 
o f im m obilized enzyme was te s te d . Assay solu tions at the same 
pH, temperature and concentration were recircu la ted at approxim ately 
10 m l/m in . through the enzyme reacto r. D iffe ren t amounts o f 
im m obilized enzyme preparations were used each tim e . The change in 
ex tin c tion  at 340 nm was recorded and the per pass conversion 
ca lcu la te d . The resu lts  are presented in Table 6 .2 .
Approximate amount 
o f im m obilized enzyme 
preparation
v i
(AE/min)
AS
S
5 mg 0.0016 0 . 6%
10 mg 0.0037 1.4%
15 mg 0.0052 2 . 0%
20 mg 0.007 2.7% •
Table 6.2 E ffect o f d iffe ren t concentration o f imm obilized enzyme 
on per pass conversion in a rec ircu la tio n  reactor system .
An amount (approxim ately 10 mg ) w hich gave less than 2% per pass
conversion was selected fo r fu rthe r s tud ies .
( ii)  E ffect o f flo w  ra te .
The rec ircu la tio n  flo w  rate was varied between 1 and 40 m l/m inu te  
using fresh assay m ixture at the same pH, temperature and concen­
tra tion  each tim e . The same sample o f immobilized enzyme was 
used each tim e and the reaction rate was ca lcu la ted . The e ffe c t o f 
flo w  rate on the a c t iv ity  o f th is  same enzyme preparation was a lso  
studied by decreasing the flo w  rate from 40 ml to 10 m l/m in .
The resu lts  o f the e ffec t o f flo w  rate on the a c tiv ity  o f the 
im m obilized enzyme preparation are shown in F ig , 6 .1 . As the 
flo w  rate increases, the reaction increases u n til i t  reaches a p la teau. 
Ford et a l.  (1972) showed that th is  plateau is  reached when rate o f 
externa l d iffu s io n  is much more rapid than the rate o f reac tion . Under 
these circum stances the contact tim e per pass decreases w ith  
increasing flo w  rate but there is  a corresponding increase in the 
number o f passes in un it tim e . The plateau extends from 5 to 30 m l/m in .
The reaction rate decreased when the flo w  rate was furthe r increased 
to 40 m l/m in . An increased pressure w ith in  the reactor was observed 
at th is  high flo w  ra te . This was shown by a bu ild  up o f liq u id  in the 
u ltra filtra tio n  c e l l .  This te s t ind ica tes tha t the reactor is  probably 
g rad ientless once the flo w  rate exceeds 5 m l/m in .
When the flo w  rate was decreased from 40 ml to 10 m l a lower 
enzymic a c t iv ity  was obtained compared to the f ir s t  experiment a t 
10 m l/m in u te .
( i i i )  A c tiv ity  o f im m obilized enzyme under grad ientless co n d itio n s . .
Using a high flow  rate re c ircu la tion  reactor system , the % y ie ld
o f the im m obilized enzyme preparation mentioned in Chapter IV , was
ca lcu la ted as fo llo w s .
Total amount o f Sepharose-G6PD = 500 mg.
Amount taken in the packed bed -  10 mg.
AE/m in/15 ml assay m ixture obtained = 0.010 
AE/m in /m  I assay m ixture = 0.010 x  15 = 0.150 
I f  to ta l amount o f im mobilized enzyme was taken then 
AE/m in /m  I = 0 .1 5 x 5 0  = 7 .5
100
ml4010 20 30
F ig . 6.1 Effect o f re c ircu la tio n  flo w  rate on a c tiv ity  o f im m obilized glucose 
6-phosphate dehydrogenase.
The assay so lu tion  contained glucose 6-phosphate (2 m M ), NADP (0 .08 mM) 
M g C ^  (10 mM) and g lycy lg lyc in e  bu ffe r, pH 7 .4  (42 m M ). The volume o f 
the so lu tion  used was 20 m l. The same sample o f  im m obilized enzyme was 
used for a ll read ings. Flow rate was increased from 1 m i/m in  to 40 m l/m in
0) and then decreased to 10 m l/m in  (0
350
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F ig . 6.2 D oub le -rec ip roca l piot fo r soluble baker's yeast glucose
40
6-phosphate dehydrogenase.
The assay so lu tion contained MgC.l2 (10 m M ), g ly c y lg ly c in e  bu ffe r, 
pH 7 .4 (42 m M ), glucose 6-phosphate (concentration as ind icated) 
and NADP ( A , 250 yM ; a , 3 5 yM ; © , 19 yM ; *  , 13 y M ) .
I f  change in ex tin c tio n  is 6 .2 2 /m in  then the 
amount o f the enzyme is = 1 u n it .
Amount o f enzyme w hich produced a change in ex tin c tio n  
7 .5o f 7 .5 /m L/m in  = un its6 .22
7 .537 un its  o f im m obilized enzyme gave = ^ ^2 un^ s
100 un its  o f im m obilized enzyme = • J x  “ 7b .22 67
y ie ld  ~3 .3%
K ine tic  Studies o f Soluble and Im m obilized Enzymes
(i) In it ia l v e lo c ity  s tud ies .
Approximate M ich a e lis  constants were determined prior to  
doing actua l experim ents. This a llowed the substrate concentra tions 
used to cover the range recommended by C leland (1967) i . e .  JjSH varied  
from i  Km to 5 1^ .  ■ ~
(a) Soluble enzyme.
The in it ia l v e lo c ity  o f the soluble enzyme was determ ined fo r
•f*several d iffe ren t concentrations o f G6P but at a fixed  NADP concentra tion
Further measurements at other constant concentrations o f NADP were
Km 1obtained . The slope (s) ( /V ) and in tercept (s) ( /V ) were derived
from the doub le -rec ip roca l p lot (Lineweaver and Burk, 1934). Secondary
plots o f slopes and intercepts were drawn against the rec ip roca l
concentrations o f NADP and the K m values for G6P and NADP were
+
NADPca lcu la te d . Maximum v e lo c ity  and Kg were a lso  determ ined by
using the equation N o .1 . (C le land, 1970).
v _   VTA1 FBI (1)
K A K B + K A DBJ + K B [A] + [A ][B ] s m m m L
Where [A ] and [B] represent the concentration o f
substrate A and B re sp e c tive ly .
A BK and K represent the M ichae l is  constant fo r m m
substrate A and B re spe c tive ly .
AKg represents the d isso c ia tio n  constant o f A
Assays were performed in tr ip lic a te  and mean va lues were used 
in the graphs draw n.
(b) Experimental design fo r k in e tic  studies on 
im m obilized enzym e.
A fresh amount o f im m obilized enzyme preparation (approx. 10 mg) 
was used fo r k in e tic  in ve s tiga tio ns . The s ta b il ity  o f im m obilized 
enzyme was checked several tim es during each experiment by measuring 
the reaction v e lo c ity  w ith  a standard assay m ixture (G6 P, 2 m M ,
NADP, 0.08 m M ; M g C ^ /lO  mM;and G lycy lg lyc ine  buffer,42 mM 
(pH 7 .4 ), fin a l pH 7 .2 ) .
The remaining d e ta ils  o f the experim ental techniques are the same 
as mentioned fo r the soluble enzyme. These are a lso ind ica ted in 
the legend o f each f ig u re .
The double rec ip roca l p lo ts (Lineweaver and Burk, 1934) fo r the 
soluble and im m obilized enzyme are shown in F ig s . 6 .2  and 6.3
•j- -
re spe c tive ly  . I t  is  worth noting tha t a l l  the lines fo r various NADP 
concentration in tercept at a s ing le po in t.
The re p lots o f slopes and in tercept (from F ig s . 6 .2  and 6 .3 )
•J-
against rec ip roca l o f [ NADP 1 are presented in F ig s . 6 .4  and 6 .5  
re sp e c tive ly . These gave stra igh t lines from w hich the va lues 
obtained are shown in Table 6 .3 .
-1
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F ig . 6.3 D oub le -rec ip roca l plot fo r Immobilized glucose 6-phosphate 
dehydrogenase.
The rec ircu la tio n  flow  rate was 10 m l/m in  and 15 ml o f so lu tion  was used. 
The assay so lu tion contained M g C ^  (10 m M ), g lycy lg lyc in e  bu ffe r, 
pH 7 .4  (42 m M ), glucose 6-phosphate (concentration as indicated) and 
NADP+ (o , 250 yM ; a , 35 y M; a ,  19 yM; e l 3 y M; a ,  10 yM ) .
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F ig . 6 .4  (a) Secondary plot o f the slopes of the in it ia l- v e lo c ity  resu lts  
(F ig. 6 .2) o f the soluble enzyme.
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F ig . 6 .4  (b) Secondary pLot o f the slopes o f in it ia l- v e lo c lty  resuLts 
(F ig . 6 .3) o f the imm obilized enzyme.
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F ig . 6 .5  (a) Secondary plot o f the intercepts o f the in itiaL veLocity  
resu lts  (F ig. 6.2) o f soluble enzyme.
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F ig . 6 .5  (b) Secondary plot o f the intercepts o f the in itiaL  v e lo c ity
resu lts  (F ig . 6 .3 ) o f im m obilized enzym e.-
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F ig . 6.6  In h ib itio n  of soluble enzyme by NADPH.
The assay so lu tion  contained M gC l2 (10 m M ), g lycy lg lyc in e  b u ffe r, 
pH 7 .4  (42 m M ), glucose 6-phosphate (2 m M ), NADP+ (concentration 
as indicated) and NADPH ( °  , w ithou t NADPH; a ,  10 pM; a , 20 pM; © 
40 vM; a , 60 p M ).
K inetic  constants Soluble enzyme Im m obilized enzyme
K G6Pm
„  NADP+ K m
NADP+Js.s
V
0 .5  x  10 M
1.9 x  10“ 5M 
-52 .4 x 1 0  M 
0.021 AE/m in
1.2 x  10 M 
4 . 5 x 10~5M .
7.2 x  10 M 
0.0063 AE/min
Table 6.3 K inetic  constants o f soluble and im m obilized enzymes 
from the in it ia l v e lo c ity  s tud ies .
( ii)  In h ib itio n  s tud ies .
(a) Product in h ib it io n .
In h ib itio n  by the product, NADPH was studied at a range o f 
concentrations o f one substrate in the presence o f NADPH w h ile  
keeping the other substrate constan t.
In h ib itio n  constants were ca lcu la ted by using e ither slope and 
intercept re p lo ts derived from double rec ip roca l plots or by the 
D ixon method (1953). Further k in e tic  constants were evaluated using 
equation 2 fo r com petitive  in h ib itio n  by Q and equation 3 fo r non­
com petitive  in h ib it io n .
B
1
/  K A K B'L  -A _s m
lKm + [B ]
Where K. = K
IS  s
1 + [ I ] +K. 7  [ a ]  V, D3] V,
I S 7 1 1
(2)
1
V
2 .
V,
A B rK K ^  s m
- CA] + K
B
m
k" A ( ; ^
' Kis ) w  ■ v r A J U /
+ - i -  (3) 
V 1
Where K. = K Q (1 + U 3-
13 8 A  K /
In  equations 2 -  4 , [  I ]  is the in h ib ito r concentra tion. and 
are the ope ra tiona lly  defined in h ib itio n  constants re la ting  to the 
secondary p lo ts o f in tercepts and slopes re spective ly  (C le land, 1963). 
Remaining symbols used are as recommended by the enzyme commission
(1972).
The in h ib itio n  patterns fo r both soluble and im m obilized enzyme
■j-
were com petitive when NADP was varied  in the presence o f NADPH. 
These resu lts  are illu s tra te d  in F ig s . 6.6  and 6 .7  fo r the soluble 
and im m obilized enzyme re sp e c tive ly . Their D ixon p lo ts (D ixon / 1953) 
and slopes rep lo ts  are shown in F ig s . 6 .8  and 6.9  re s p e c tiv e ly . The 
k in e tic  constants obtained are shown in Table 6 .4 . Both methods 
employed to determine gave ve ry  s im ila r va lu es .
K inetic  constant Method Soluble Im m obilized
employed enzyme enzyme
NADPH D ixon 1.1 x  10~SM 2 .0  x  l t f  5M
_ r  c
S C leland 1 .2 x 1 0  M 2 .0 x 1 0  M
Table 6 .4  D isso c ia tio n  constant o f E-NADPH derived from product 
in h ib itio n  stud ies w ith  NADP+ va rie d .
N on-com petitive  in h ib itio n  patterns were shown by both soluble
and im m obilized enzymes when the concentration o f G6P was va ried
in the presence o f NADPH. These re su lts  are shown in F ig s . 6 .10
and 6.11 and th e ir  secondary p lo ts are presented in F ig s . 6.12 and
6.13 o f the soluble and im m obilized enzymes re sp e c tive ly .
F ig s . 6.12 and 6.13 gave the data presented in Table 6 .5 .
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F ig . 6 .7  In h ib itio n  o f im m obilized enzyme by NADPH
60 100
The assay so lu tion  contained M gC ^U O  m M ), g lycy lg lyc in e  bu ffe r, 
pH 7 .4  (42 m M ), glucose 6-phosphate (2 mM); NAD P+ (concentration 
as indicated) and NADPH ( a , w ithou t NADPH; m , 10 yM ; © , 20 yM ; 
a  , 40 yM).
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F ig . 6.8  (a) D ixon plot o f the in h ib itio n  o f soluble enzyme by NADPH
(F ig . 6 . 6)
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F ig . 6 .8  (b) D ixon p lo t o f the in h ib itio n  o f immobilized.enzyme 
by NADPH (F ig . 6.7)
40
o
pH
20 0 20  
[NADPH] (pM )
30 40
F ig . 6.9 (a) Secondary plot o f the slopes of the in h ib itio n  o f im m obilized 
enzyme by NADPH (F ig. 6 .7 ).
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F ig . 6 .9 (b) Secondary p lo t o f the slopes o f the in h ib itio n  o f so luble
enzyme by NADPH (F ig . 6 . 6)
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F ig . 6.10 In h ib itio n  o f soluble enzyme by NADPH.
The assay so lu tion contained MgClg (10 m M ), g ly cy lg lyc in e  bu ffe r, 
pH 7 .4 (42 m M ), NADP+ (0 .08 mM) glucose 6-phosphate (concentration 
as ind icated) and NADPH ( o , w ithou t NADPH; a  , 10 pM; a ,  20 pM; 
o, 40 yM ; a , 60 y M ) .
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F ig . 6.11 In h ib itio n  o f im mobilized enzyme by NADPH.
The assay so lu tion  contained M g C ^  (10 m M ), g lycyLglycine bu ffe r, 
pH 7 .4  (42 m M ), NADP+ (0.08 mM), glucose 6- phosphate (concentration 
as indicated) and NADPH ( * ,  w ithou t NADPH; ■ , 10 pM; ®, 20 pM; 
a , 40 pM ).
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F ig . 6.12 (a) Secondary plot o f the intercepts o f the in h ib itio n  o f 
soluble enzyme by NADPH (F ig. 6.10)
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F ig . 6.12 (b) Secondary pLot o f the slopes o f the in h ib itio n  of. so lub le  
enzyme by NADPH (F ig .6 .10)
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F ig . 6.13 (a) Secondary p lo t o f the slopes o f the in h ib itio n  o f 
im m obilized enzyme by NADPH (F ig . 6.11)
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F ig . 6.13 (b) Secondary p lo t o f the intercepts o f the in h ib itio n  o f 
im m obilized enzyme by NADPH (F ig . 6.11)
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F ig . 6.14 In h ib itio n  by ATP o f soluble glucose 6-phosphate dehydrogenase.
+The assay so lu tion contained glucose 6-phosphate (2 m M ), NADP (0 .08  m M ), 
g ly c y lg lyc in e  bu ffe r, pH 7 .4  (42 m M ), ATP (concentration as ind ica ted) and 
M gC L ( ® -  ind ica tes tha t no M gC L was present, a -  ind ica tes '
10 m l  M g C L ). Relative a c tiv ity  (% o f contro l) =
a c t iv ity  in presence o f ATP 
a c t iv ity  in absence o f ATP x  100
K inetic  constant Soluble enzyme Im m obilized enzyme
K. (see- eq. 3) is
K.. (see eq . 3)11
ivTivrNnTT from K. NADPH is
is.
S from K ..i i
7 .5  x  10_5M 
7.7  x  10_5M 
1.77 x  10“ 5M 
1 .4  8 x  10 M
3.1  x  10 M
3 .0 x 1 0  M 
-62 .5 x 1 0  M
1.08 x  10 ^M
-------- . -- ... . ---
Table 6 .5  Apparent in h ib itio n  constants from product in h ib itio n  
ana lys is  w ith  G6P va rie d , and d isso c ia tio n  constants 
derived therefrom
(b) Dead-end in h ib it io n .
In pre lim inary experiments the e ffec t o f d iffe ren t concentra tions 
o f ATP in the presence or absence o f M gC L were inve s tiga ted . In  
both cases, enzyme was progressive ly inh ib ited  as the concentration 
o f ATP was increased (F ig . 6 .14 ), but the enzyme showed more 
a c t iv ity  in the presence o f MgCL2 . In future experiments 10 mM 
M gC i2 was used in each assay m ix tu re .
The in h ib itio n  o f the enzyme was studied by vary ing the concen­
tra tion  o f one substrate at a constant non-satura ting concentra tion o f 
the other subs tra te .
In the presence of ATP when A was varied in the presence o f 
fixed  amount o f B, non-com petitive  inh ib ition  pattern was ob ta ined .
In th is  case equation 4 was used to ca lcu la te  the k in e tic  constan ts .
(4)
. /K  A K B A
i _ - L  f _§ m _  . v  A
v  V j  \  [ 13 ]  m y
K +
i  + JEEi) i  +   UL  -
,  k J [ A ]  V EBJ V
Where K. = K ATP (1 +
18 8 V K A/
F ig s . 6 .15 and 6.16 show the e ffec t o f d iffe ren t concentrations 
o f ATP w ith  varied concentrations o f G6P on the a c t iv ity  o f the soluble 
and im m obilized G6PD re sp e c tive ly . These F ig s . gave stra igh t lines 
g iv ing  an in te rsecting  pattern ty p ic a l o f com petitive in h ib itio n  fo r 
both the soluble and im m obilized enzymes . Secondary p lo ts o f 
slopes versus concentration o f ATP gave parabolic plots (F ig . 6 .1 7 ).
According to C leland (1970) i t  is  ca lled  S -parabolic com petitive  
in h ib it io n . I t  may be an a llo s te r ic  in h ib itio n  (M ahler and Cordes, 
1971) w h ich  is also, ind icated by the resu lts  in F ig . 6 .1 8 .
The in h ib itio n  o f both soluble and im m obilized enzyme by ATP 
was also studied when the NADP concentration was varied  in the 
presence o f a constant concentration o f G6P. The in h ib itio n  patterns 
were non-com petitive  fo r both enzymes as shown in F ig s . 6.19 and 
6 .2 0 . Their secondary plots are drawn in F ig s . 6.21 and 6.22 and 
gave the va lues as shown in Table 6 .6 .
K ine tic  constant Soluble enzyme Im m obilized enzyme
K. (see eq. 4)IS
K .. (see e q . 4) u
„  ATP ( r^° m Kis )K
S ( from K ..)u
2 .2 x  10’ 3M
3 .4 x 1 0
2 .6 x  10~5M 
8.3 x  10
-33 .2  x  10 M 
4 .0  x  10 M  
1.14 x  10-S M 
2.26  x  10-4
Table 6 .6  Apparent in h ib ition  constants and d isso c ia tio n  constants 
derived therefrom afte r dead-end in h ib itio n  ana lys is  using 
ATP w ith  NADP'1" v a r ie d .
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F ig . 6.15 In h ib itio n  o f soluble enzyme by ATP.
The assay so lu tion  contained M gC l? (10 m M ), g lycy lg lyc in e  bu ffe r, 
pH 7 .4  (42 m M ), NADP+ (0.08 m M ), glucose 6-phosphate (concentration 
as ind icated) and ATP ( *  , w ithou t ATP; • ,  1 mM ATP; a , 2 mM ATP).
2000  r.
<
1500 •
o
«  1000
10 15 20 25
-1,1 / [G lucose 6-phosphate ] (mM ) 
F ig . 6.16 In h ib itio n  o f LmmobiLized enzyme by ATP 
Further de ta ils  are as given in F ig . 6.15
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F ig . 6.17 (a) Secondary p lo t o f the slopes o f the in h ib itio n  o f so lub le  
enzyme by ATP (F ig . 6.15)
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F ig . 6.17 (b) Secondary p lo t o f the slopes o f the in h ib itio n  o f the 
im m obilized enzyme by ATP (F ig . 6 .1 6 ).
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F ig . 6 .18 E ffect o f ATP on the a c t iv ity  o f so luble G6PD.
Assay m ixtures contain e ithe r 0 .0  mM ( ® ), 1 .0 m M (  ^ ) , 2 .0 mM ( n ) or
2 .5  mM (o  ) ATP, NADP+ (0.08 m M ), M gC L (10 mM) and ind ica ted 
amounts o f G6P.
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F ig . 6.19 In h ib itio n  o f soluble enzyme by ATP.
The assay so lu tion  contained MgC.L (10 m M ), g lycy lg lyc in e  bu ffe r, 
pH 7 .4  (42 m M ), glucose 6-phosphate (2 m M ), NADP+ (concentration 
as ind icated) and ATP ( ■ , w ithou t ATP; © , 1 mM ATP; a , 2 mM ATP).
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F ig . 6 .20 In h ib itio n  o f im m obilized enzyme by ATP, 
Further d e ta ils  are as given in F ig . 6.19
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F ig . 6.21 (a) Secondary p lo t o f the slopes o f the Inh ib ition  o f so luble 
enzyme by ATP (F ig . 6 .1 9 ).
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F ig . 6.21 (b) Secondary p lo t o f the intercepts o f the in h ib itio n  o f 
soluble enzyme by ATP (F ig . 6 .1 9 ).
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F ig . 6.22 (a) Secondary p lo t o f the in tercept o f the in h ib itio n  o f the 
im m obilized enzyme by ATP (F ig . 6 .2 0 ).
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F ig . 6 .22 (b) Secondary p lo t o f the slopes o f the in h ib itio n  o f the 
im m obilized enzyme by ATP (F ig . 6 .2 0 ).
DISCUSSION
(i) R ecircu la tion re a c to r.
The re c ircu la tio n  reactor system can e lim inate many o f the 
d if f ic u lt ie s  and inconveniences associated w ith  other systems 
ava ilab le  fo r the study o f the k in e tic s  o f im m obilized enzymes 
(see Chapter I ) . This assay system has many advantages over 
the other enzyme reactors used .
(1) U n like  the s tirred reactors no fines are produced in th is  
system . Th is a llow s the same enzyme sample to  be used fo r 
several s tud ies . Since the amount o f enzyme is norm ally  rate 
lim itin g , th is  is ve ry  important advantage o f th is  system .
(2) I t  is easy to  check the remaining enzyme a c t iv ity  both during 
and at the end o f each experim ent. This is ve ry  im portant as 
some experiments took 3 days to  complete the re s u lts .
(3) True k in e tic  constants can be determined at h igh flo w  rate
i f  the per pass conversion is  low (<2%). At th is  stage K ne ithe rm
depends on flo w  ra tes as in packed bed nor on the s tirr in g  speed 
as in stirred suspension re a c to rs .
(4) I t  does not g ive  any noise in the recorder trace o f a spe c tro - 
photometric ana lys is  o f product formed.
(5) The method is s im ple , f le x ib le  and can be used conven ien tly  
on a laboratory sca le .
This system requires high flo w  ra te . Therefore a l l  the tubes and 
jo in ts  used should be able to w ithstand high pressure . Figure 6 .1
demonstrates the e ffec t o f flo w  rate on the ac tiv ity : o f the im m obilized 
enzyme. At slow  flo w  rates imm obilized enzyme gave less a c t iv ity .  
This is due to  the d iffu s io n  layer tha t surrounds the im mobilized 
enzyme. As the flo w  rate is  increased (1-5 m l/m  in) the system 
starts  to become d iffu s io n le ss  and the im m obilized enzyme gave 
h igher a c t iv ity  w ith  h igher flow  ra te . The flo w  rate has no e ffec t 
on the a c t iv ity  o f im m obilized enzyme in a d iffu s ion le ss  re c ircu la tio n  
reactor system . This is demonstrated by the plateau w hich extends 
from 5 to 30 m l/m  in in F ig . 6 .1 . The decrease in reaction rate w ith  
fu rthe r increase in flo w  rate (30-40 m l/m  in) may be due to compression 
o f Sepharose pa rtic les  at high flo w  ra tes . Compression would decrease 
the a c c e s s ib ility  o f enzyme in some o f the pores o f the im m obilized 
enzyme m a trix . This a lso accounts fo r the decreased a c t iv ity  obtained 
at 10 m l/m in  when the flo w  rate was lowered from 40 to 10 m l/m in .
This experiment ind ica tes that the re c ircu la tio n  reactor system 
conta in ing Sepharose-G6PD was probably g rad ientless a t a flo w  rate 
between 5 to 30 m l/m in .
( ii) K inetic  s tu d ie s .
The d iffe rence in va lues fo r the M ich a e lis  constant o f G6PD 
from d iffe ren t sources m ight be due to  the d is s im ila r ity  o f enzyme 
structure and assay conditions (Table 6.1) . The variance fo r 
M icha e lis  constant of the enzyme from the same sources (e .g . Brewer's 
yeast) re fle c ts  the d iffe rences in cond itions used fo r a c t iv ity  
measurement.
Soluble G6PD from baker's yeast gave a s im ila r in i t ia l  v e lo c ity
pattern, in te rsecting  at a s ing le po in t, to those o f the same enzyme
from other sources. M ic h a e lis  constant va lues obtained fo r G6P and
+ -4  -5NADP are 0 .5  x 1 0  M and 1 .9 x 1 0  M re sp e c tive ly . These
-4
values are s im ila r to those from brewer's yeast G6PD, 0.58 x  10 M
-5  +and 2 .0  x  10 M fo r G6P and NADP respec tive ly  (G laser and Brown,
1955). S im ila r K va lues o f G6PD from brewer's yeast (Rose, 1961), m ------
Escherichia c o li (Sanwal, 1970), and P en ic illium  duponti (M alcolm
and Shepherd, 1972) were ob ta ined. Scott and Tatum (1971) found 
+2tha t Mg had no e ffec t on G6PD a c t iv ity  from Ifreurospora c ra ssa .
+2Baker's yeast G6PD a c t iv ity  is dependent on Mg concentration
but th is  ion is  not essen tia l (see Chapter IV and a lso in h ib itio n  by ATP).
-5
However, Scott and Tatum (1971) obtained the K va lues o f 1 .2  x  10 Mm
” 4 +and 0.37 x  10 M for NADP and G6P re sp e c tive ly . These va lues 
are a lso s im ila r to  my fin d in g s .
Product in h ib itio n  studies have been lim ited  due to  the in s ta b il i ty  
o f D -g  lu c o n o -& - lactone 6-phosphate, one product o f  G6PD re a c tio n . 
C om petitive in h ib itio n  was observed using NADPH as in h ib ito r w ith
respect to NADP and non-com petitive  w ith  respect to  G6P. The
-5  + -5in h ib itio n  constants are 1.2 x  10 M  against NADP and 1 .6 x  10 M
against G6P. This in h ib itio n  pattern is  s im ila r to those fo r the same
enzyme from brewer's yeast (G laser and Brown, 1955), Candida u t i l is
(A folayan, 1972) and Escherichia c o li (Sanwal, 1970). The in h ib it io n
constant va lues obtained in th is  work is s im ila r to  that o f Sanwal
(1970) on E. c o li G6PD, who obtained a va lue o f 1 .0  x  10 ^M  aga ins t 
+NADP . Soldin and Balinsky (1968) a lso found s im ila r type o f
in h ib itio n  in th e ir  studies on erythrocyte G6PD.
In h ib itio n  o f baker's yeast G6PD by ATP is s im ila r to tha t found
1966) and Candida u t i l is  (A folayan, 1972). Benziman and M azover
(1973) found tha t NADP+-lin k e d  G6PD was insens itive  to ATP. Brewer's
yeast G6PD was com pe titive ly  inh ib ited  by ATP when G6P was varied
and p a rtia lly  com pe titive ly  inh ib ited  when NADP was varied (Bonsignore
e t a i .  , 1966) Bonsignore et a l.  (1966) proposed tha t th is  p a rtia lly
com petitive  in h ib itio n  was a llo s te r ic  in h ib it io n . Horne et a l . (1970)
d id  not find  any p a rtia lly  com petitive in h ib itio n  using the same enzyme,
brewer's yeast G6PD. They found a com petitive in h ib itio n  pattern when
G6P was varied and non-com petitive  in h ib itio n  when NADP was va rie d .
Baker's yeast enzyme, however showed S -parabo lic  com petitive  in h ib itio n
+when G6P was varied and linea r non-com petitive  in h ib itio n  when NADP 
was v a r ie d .
A llo s te r ic  enzymes frequently  g ive sigmodal rate versus substrate 
concentrations plots e ither in the absence or presence o f a llo s te r ic  lig a n d s . 
The former type o f enzymes may be referred to  as modulator independant 
co-opera tive  systems and the la tte r as modulator dependent co -ope ra tive  
systems (Monod et a l . , 1965). G enera lly o n ly  one o f the two or more sub­
strates g ives a sigmoid v e lo c ity  response (Sanwal et a l . , 1966). As an 
exam ple, phosphofructokinase (modulator independent co-opera tive  system) 
from Escherichia c o li gave sigmoid v e lo c ity  response when fru c to se -6 rp h o s ­
phate was varied (Blangy et a l . , 1968). S im ila rly  m a lic  enzyme (m odula tor- 
dependent co-opera tive  system) o f E.. c o li gave a sigmoid v e lo c ity  curve in 
the presence o f malate and Inh ib ito r (Sanwal and Smando, 1969). Physio­
lo g ic a lly  such a substrate may be termed a target substra te .
From the in h ib itio n  o f baker's yeast G6PD by ATP In an a llo s te r ic  
manner i t  seems tha t th is  enzyme belongs to a m odulator-dependent 
co-opera tive  system w ith  G6P as the target substra te . The same enzyme 
from Pseudomonas aeruginosa /  on the other hand, belongs
to a moduLator-independent co-opera tive  system although the target 
substrate is -aga in 'G 6P (Lessie and N eidhardt, 1967). SimiLar to my 
fin d in g s , Azotobacter b e ije r in c k ii G6PD belongs to moduLator dependent 
co-opera tive  system and G6P is the target substrate (Senior B t a l . , 1972) 
I t  is possibLe, therefore that in these organisms the pentose phosphate 
pathway may be o f greater s ign ificance  fo r pentose syn th e s is . Since 
G6PD is the f ir s t  enzyme o f the pentose phosphate pathway and many 
a llo s te r ic  enzymes are the f ir s t  enzyme in m etabolic pathways, its  
a llo s te r ic  behaviour is not su rp ris in g .
On the whole G6PD from baker's yeast showed s im ila r properties
•4*
to those other enzymes w hich are sp e c ific  fo r NADP .
( i i i)  Comparison o f the properties o f soluble and im m obilized enzym es.
The changes in k in e tic  properties o f the im m obilized enzyme are
lik e ly  to be due to the a lte ra tion  o f the te rtia ry  structure o f the enzyme
on im m obiliza tion  and the changes in the m icro-environm ent o f the
im m obilized enzyme.
A number o f im mobilized enzyme has been prepared by coup ling
the enzyme w ith  CNBr activa ted Sepharose . The k in e tic  properties ,
including M ich a e lis  constan t, o f these im mobilized enzymes have
on ly been studied by Zaborsky and Ogletree (1972) and Axen et a l .
(1970). Zaborsky and Ogletree (1972) using a continuous s tirred .
reactor obtained K value o f protocatechuate 3 ,4 -d ioxygenase- m
Sepharose 15 -  20 times greater than the value o f the soluble enzym e.
They a ttributed th is  increase in apparent K vaLue to d iffu s io nm
lim ita t io n s .
Axen et a I . (1970) investigated in d e ta il the k in e tics  o f
chym otrypsin im m obilized onto Sepharose. The vaLues o f the
apparent M icha e lis  constants o f the im m obilized enzyme were about
10-fo ld  h igher than the native enzyme. On so lu b iliza tio n  o f the
chym otrypsin by d igestion  o f Sepharose w ith  dextranase, the
va lues o f M ich a e lis  constants were found to return to tha t o f the
soluble enzyme. Chung (1972) a lso tried  to  determine the K (s)m
o f Sepharose-isocitra te  dehydrogenase in a packed bed reactor but 
could not from the experimental data ob ta ined.
A packed-bed rec ircu la tion  reactor, w hich is grad ien tless under 
ideal cond itions has been used in the present w ork . I t  would have 
been ve ry  d if f ic u lt  w ithou t it  to determ ine the k in e tic  properties o f 
the im m obilized enzyme. The properties o f the soluble and 
im m obilized enzyme are shown in Table 6 .7 .
One way to measure the loss in enzyme a c t iv ity  on im m obiliza tion  
is  to measure the maximum v e lo c ity , V , o f both the soluble and 
im m obilized enzym es. Then by comparison the loss in a c t iv ity  can 
be ca lcu la ted  . I  do not know the exact amount o f im m obilized enzyme 
used in k in e tic  studies . Therefore the maximum v e lo c ity  .is expressed 
as change in o p tica l dens ity  at 340 nm per m inute instead o f m o l/m in /m g  
o f pro te in . Since the amount o f protein in the im m obilized preparation 
is not known, a comparison o f V cannot be g iven .
The M icha e lis  constants fo r soluble enzyme (K = 1 . 9 x 1 0  M ,
m +
K = 0 .5  x  10 ^M) and im m obilized enzyme (K ^  = 4 .5  x  10 ^M;m m
= 1.2 x  10 M) were obtained from figures 6 .4  and 6 .5 .  Apparently 
a 2 -  3 fo ld  increase in Km 's w ith  the im m obilized enzyme. The
Substrate or K inetic K inetic Constant va lue obtained for
In h ib ito r Constant
Soluble enzyme Im m obilized enzyme
NADP+
„  NADP+ 
Km 1.9 x  10” 5M 4 .5  x  10“ 5M
G6P K G5P m O.S x 10 M 1.2 x  10” 4M
V 0.021 ^E /m in . 0.0063 A E /m in .
„  ■ NADP+
K s
-52 .4  x  10 M
—6
7.2 x 10 M
NADPH NADPHis. 1.2 x  10~ M 2 .0  x  10 M
(Com petitive s
aga inst NADP :]
NADPH „  NADPH K 1 .7 7 x lO _SM 2 .5 x 1 0  M
(Non-
Com petitive
S
(from K. )IS
against G6P) ■ NADPH,
K s
(from K..) a
1.48 x  1 0 "5M 1.08 x 10 M
ATP S-parabolic com petitive in h ib itio n  was obtained
when G6P was varied
ATP K ATP " -4  0.83 x  10 M 2 .2 6 x 1 0  M
(Non-
Com pe tit ive^ 
when NADP 
varied)
s
(from K ..)i i
k a tp
S
[from K. ) is
2 .6 x  10" 5M 1.14  x  10_SM
Table 6 .7 . Comparison o f the k in e tic  constants o f soluble and 
im m obilized G6PD.
NADP -5d isso c ia tio n  constan ts , K obtained were 2 .4  x  10 M  ands
— 0
7.2 x  10 M fo r the soiubie and im m obilized enzyme re sp e c tive ly .
* t -
NADPThese va lues are h igher than K in the case o f soluble enzyme .
+ mNADPand lower than in the case o f im mobilized enzyme.
Both soluble and im m obilized enzymes are com pe titive ly  inh ib ited
by NADPH at varying concentration o f NADP and fixed  concentration
o f G6P. The d isso c ia tion  cons tan ts , K obtained fo r thes
-5  -5soluble and im m obilized enzymes were 1.2 x  10 M  and 2 .0 x  10 M
re sp e c tive ly . These va lues are qu ite  s im ila r. N on-com petitive
in h ib itio n  was obtained fo r both the soluble and im m obilized enzymes
by using NADPH as in h ib ito r and vary ing the concentration o f G6P.
-5
The in h ib itio n  constan ts , K, , obtained were 7.6  x  10 M  andis
-53 .0 x 1 0  M fo r the soluble and im m obilized enzymes re s p e c tiv e ly .
. The dead end in h ib ito r, ATP, gave S -parabolic com petitive  
in h ib itio n  when G6P was varied and NADP kept cons tan t. There 
are not enough points on a stra ight lin e  and therefore k in e tic  constants 
could not be determ ined.
N on-com petitive  inh ib ition  was obtained by using ATP as in h ib ito r 
at vary ing concentrations o f NADP and constant concentration o f 
G6P for both the soluble and im m obilized enzymes. The k in e tic  
constants obtained fo r soluble enzyme are s im ila r to  those o f the 
im m obilized enzyme (see Table 6 .7 ).
Small d iffe rences in the ca ta ly tic  properties between the so lub le  
and im m obilized enzyme may be due to structura l a lte ra tio n  o f the 
enzyme on im m obilization as w e ll as to the in te raction  between the 
enzyme and inso lub le  support. I cannot, however, com ple te ly  ru le  
out the p o s s ib ility  that the s lig h t d iffe rences in the k in e tic  constants
observed o f the im m obilized enzyme may be due to the d ifference 
in the substrate concentration g rad ien t. The k ine tic  patterns both 
in the absence and presence o f in h ib ito r fo r both the soluble and 
im m obilized enzyme are the same, ind ica ting  tha t the reaction pathway 
o f an a llo s te ric  soluble enzyme has not been changed on im m ob iliza tion .
(iv) K inetic  mechanism .
M alcolm  and Shepherd (1972) investigated the k in e tic  mechanism
o f P en ic illium  notatum and P. duponti G6PD. They proposed an
ordered pathway although they could not ru le out rap id -equ ilib rium
random pathway. S im ila rly  Soldin and Balinsky (1968) in th e ir  studies
on erythrocyte G6PD, Sanwal (1970) on Escherichia c o t i , and Afolayan
(1972) on Candida u t il is  described th is  enzyme as having an ordered
pathway. O live  et aj.. (1971) studied the reaction pathway in d e ta il
" f "fo r NAD -lin k e d  G6PD and NADP - lin ke d  G6PD. They also proposed 
an ordered pathway fo r th is  enzyme, NADP+-lin k e d  G6PD. In  the
-f-
stud ies quoted NADP apparently binds f ir s t  and the reduced NADP 
is released las t from the enzyme.
In it ia l v e lo c ity  studies on baker's yeast G6PD gave an in te rsec ting  
pattern (F igs. 6.2 and 6 .3 ) . This c le a rly  ruled out the p o s s ib lity  o f 
a Ping Pong pathway, but le ft the a lte rna tives o f ordered, Theore ll 
chance or random mechanisms (C le land, 1970).
Product in h ib itio n  studies using NADPH are cons is ten t w ith  an 
ordered-pathw ay, the oxid ised co-enzyme being bound f ir s t  and the
reduced co-enzyme being released la s t. However, i f  the dead-end
6 1 
com plex 4 ADP+Ct° n Can form, then the resu lts  could be a lso
cons is ten t w ith  rap id -e qu ilib rium  random mechanism.
The cha rac te ris tic  in h ib itio n  by D-gLucono- 6-L a c to n e -6-phosphate 
would be he lp fu l in decid ing between these two possibLe reaction 
pathways. However th is  could not be do ne / since the haLf Life o f 
th is  compound is 1 .5  m inutes at pH 7 .4 . Therefore/ under the 
present conditions the reverse reaction (re -ox ida tion  o f NADPH) is 
a lso not possibLe. The hydrolysed product o f D -g  lu co no -6-Lactone 
6-phosphate 7 6-phospho-D -g luconate  has no e ffec t on the a c t iv ity  
o f G 6PD from Candida u t il is (Afolayan/ 1972). Isotope 
exchange techniques could be heLpful in e luc ida ting  the reaction  
pathway fo r G6PD.
The probable reaction pathway for baker's yeast G6PD both in 
the soluble and im m obilized form can be proposed as fo llo w s  and alL 
data have been ca lcu la ted assuming th is  pathway.
NADP+ G 6P 6-P - 6  Lactone NADPH
E-NADP+ E-NADPH^ /G 6P ^,6-P 5 Lactone
N n a d p + \ n a d p h
Where 6-P 6-Lactone represents 6-Phosphoglucono 6“ Lactone 
(Glucono 6-Lactone 6-phosphate)
(vi) Possible phys io log ica l s ign ificance  o f re s u lts .
Baker's yeast G6PD is com petitiveLy inh ib ited  by NADPH toward 
NADP and non -co m pe titive ly  toward G6P. The Level o f NADP in 
Saccharomyces cerev ls iae (baker's yeast) has been estim ated to  be 
0.1 -  0.3 mM when the organism is grown on glucose supplemented 
media and it  is the amount o f G6P in the ceLL w hich determ ines the rate
o f Lts ox ida tion  by G6PD (Polakis and Bartley, 1966). They also
estimated the leve l o f NADPH in baker's yeast growing at constant
rate to  be between 50 and 180 p M depending on the source o f carbon
energy. I have got IC values o f the same m agnitude. I t  is  probable
tha t NADPH at higher concentrations serves as an in h ib ito r o f the
enzyme by competing w ith  NADP, thus reducing the amount o f G6P
entering the pentose phosphate pathway.
Glucose 6~phosphate dehydrogenase from baker's yeast is
inh ib ited  com pe titive ly  by ATP toward G6P and non -com pe titive ly
toward NADP+ . Such inh ib ition  was confirmed w ith  G6PD from other
sources (Avigad, 1966; Brand e ta j. . ,  1970; Y urow itzk i and M ilm an ,
1968 and Horne et a_l., 1970). The in tra ce llu la r concentrations o f
ATPATP in yeast are o f the same order o f magnitude as ca lcu la ted Ks
values (Polakis and Bartley, 1966). I t  is assumed that ATP plays an 
important ro le  in regula ting the a c tiv ity  o f th is  enzyme. In h ib itio n  
by ATP may constitu te  an e ffec tive  mechanism fo r co n tro llin g  G6P 
removal v ia  d ire c t o x id a tio n .
CHAPTER V II
DISCUSSION
The o r ig in a l ob ject o f these studies was the production o f NADPH 
from NAD+ using two im m obilized enzymes. Both the enzymes 
invo lved in these s tu d ies , NAD+ kinase and gLucose 6-phosphate 
dehydrogenase (G6PD), are very expensive and la b ile . Therefore 
before im m obiliz ing these enzymes, bovine serum album in (BSA) was 
selected as a model protein to se lect the appropriate method and 
ca rrie r fo r the im m obiliza tion  o f the above mentioned enzym es. BSA 
has a s im ila r iso e le c tric  po in t, 4 .7  (Young, 1963), to  yeast G6PD, 4 .8  
(Negelein and G erischer, 1936), and iis  much cheaper than G6PD. 
Although it  is not a.general ru le , i t  was expected tha t BSA and G6PD 
would behave s im ila r ly  on im m ob iliza tion .
BSA was coupled w ith  DE 52 -ce llu lose  by s -tr ia z in e  method 
(W ilson e ta j , . , 1968) at pH 7 .6 . At th is  pH, where soluble G6PD 
is most stable (Chapter IV ), both BSA and G6PD carry  a negative charge 
and w i l l  be attracted by the p o s itive ly  charged m onoch lo ro -sym -triaz ine  
DE 5 2 -ce llu lo se . BSA was a lso coupled w ith  Sephadex and Sepharose 
by cyanogen bromide (Axen et a l .  ,■ 1967) and periodate (Sanderson and 
W ils o n , 1971) methods. The mass balance method (Crook et a I . ,
1970) was used to  ca lcu la te  the amount o f BSA coupled w ith  the ca rr ie r. 
This method although very simple does not g ive the amount o f the 
enzyme inactiva ted during the coup ling . I t  g ives s im p ly  the d iffe rence 
between the amount added and tha t obtained in the washings .
The e ffic ie n cy  o f the im m obilized enzyme is genera lly  lower than 
tha t o f the soluble enzyme. S teric hindrance created by the ca rrie r is
one of the reasons fo r th is  lower e ff ic ie n cy  (see Chapter I ) . I t  may 
be reduced by putting a spacer ligand between the enzyme and the 
support. In  th is  way the enzyme w i l l  be some distance from the 
support and it  should be easier fo r the substrate to  bind at the ac tive  
s ite (s) o f the enzyme. Ethylene diam ine Sepharose and bromoacetamido- 
e thy l Sepharose were prepared by the method o f Cuatrecasas (1970) to 
te s t th is  hypo thes is . Both these carriers coupled on ly  ve ry  sm all 
amounts o f BSA and therefore were not used for im m obilization o f G6PD.
G6PD was coupled w ith  DE 52 -ce llu |ose  and w ith  Sephadex and 
Sepharose using the s -tr ia z in e  and cyanogen bromide methods re sp e c tive ly . 
Sepharose~G6PD was the most stable preparation and was studied in 
d e ta il.  The. y ie ld  o f enzymic a c t iv ity  obtained a fte r im m o b iliza tion , 
and ca lcu la ted using packed-bed (Chapter IV) and re c ircu la tio n  reactor 
(Chapter VI) system s, was ~ 3 % . The e ffec t o f ions , temperature and 
pH on the a c t iv ity  and the s ta b ility  o f the imm obilized enzyme were 
investigated and the resu lts  obtained were compared w ith  those fo r 
the soluble enzyme. Sepharose G6PD was com plete ly stable on 
storage for 4 months, over the pH range studied (6 -  10), and was 
more heat stable than the soluble enzyme. This can be a ttr ib u te d , at 
least in part to the firm  cova lent b inding between the enzyme and the 
c a rr ie r , (see Chapter IV ).
To study the e ffec t o f m icro-environm ent on the a c t iv ity  and 
s ta b il ity  o f the enzyme, enzyme-Sepharose de riva tives  con ta in ing 
negative and positive  charges were prepared using cyanogen bromide 
and carbodiim ide methods. The ethylene diamine Sepharose-G6PD and 
va lin e  Sepharose-G6PD preparations were stable when ethylene diam ine
or va lin e  were added ha lf an hour a fte r the enzyme (Chapter IV ).
These preparations were com plete ly stable over the pH range (from 
6 -  10) studied and were more heat stable than the soluble enzyme.
The optimum pH o f these enzyme preparations was s lig h t ly  sh ifted 
towards a c id ic  and a lka lin e  regions depending on the ove ra ll charge 
o f the carrie r (Chapter V ) . Sepharose-G6PD gave d iffe ren t a c t iv it ie s  
in d iffe ren t buffers a t the same pH. The optimum pH o f Sepharose- 
G6PD was up to  0 .5  pH un its  lower than the soluble enzyme at s low  
flo w  ra te . When the flo w  rate was increased th is  sm all d iffe rence 
was no longer n o tice a b le . Presumably because the d iffe rence  in the 
m icro-environm ents o f the im m obilized and soluble enzyme was rem oved.
The e ffec t o f pH on the equilib rium  o f the reactions cata lysed by 
soluble enzyme, Sepharose G6PD, ethylene diam ine Sepharose-G6PD 
and va line  Sepharose-G6PD was also s tud ied . The co-enzym es,
NADP and NADPH were found to be unstable in a lka lin e  and a c id ic  
regions re sp ec tive ly  and NADPH gave d iffe ren t In d iffe re n t buffe rs
at d iffe ren t pH va lu e s . The re su lts  on the e ffec t o f pH on the 
equ ilib rium  position  o f the reaction d id  not g ive rise  to  the sim ple 
s itua tion  expected . I t  w i l l  be o f in te rest to see i f  other workers 
meet w ith  s im ila r d if f ic u lt ie s  when working on the im m obilized enzymes 
(see Chapter V ) .
In it ia l v e lo c ity  and both product and dead-end in h ib itio n  were 
used to study the properties o f the soluble and im m obilized enzym e.
A gradient less re c ircu la tio n  reactor system was used to investiga te  
the k ine tic  properties o f the im m obilized enzyme. This is a sim ple 
and fle x ib le  method and rea l k in e tics  can be determined by using i t
under grad ientless conditions (Chapter V I) . The k in e tic  constants 
found for the im m obilized enzyme were apparently higher than those 
fo r the soluble enzyme, but both gave s im ila r properties . An ordered 
Bi Bi reaction pathway is the most lik e ly  pathway fo r both the soluble 
and im m obilized G6PD in w hich NADP and NADPH are the leading 
reactan ts . Due to the in s ta b ility  o f one o f the products, 6-phospho- 
g lu co n o -S -la c to n e , the p o s s ib ility  o f a random Bi Bi reaction pathway 
cannot be elim inated by these s tu d ie s . I t  m ight have been possib le 
to reso lve these d if f ic u lt ie s  by using iso top ic  exchange or by substrate 
in h ib it io n . Afolayan (1972) has demonstrated tha t G6PD from Candida 
u t i l is  was inh ib ited  at high concentration o f NADP+ .
To my know ledge, th is  is on ly  the second study o f the reaction  
pathway o f a 2-substra tes imm obilized enzyme. The main reason 
being the techn ica l problems of carry ing out a large number o f assays 
under conditions where d iffu s ion  d id  not a ffec t the re s u lts . I t  is  a lso  
the f ir s t  tim e tha t an ind ica tion  o f a llo s te ric  in h ib ition  has been reported . 
This im plies tha t the im m obilized enzyme is able to undergo s im ila r 
conform ational changes to those required in so lu tion .
NAD kinase was purified from Azotobacter chroococcum, but attem pts
to im m obilize it  by cyanogen bromide and titan ium  te trach lo ride  (Emery
et a l . ,  1972) d id not produce a stable preparation. Therefore work
could not be carried out as o r ig in a lly  planned. However in these
experiments NADP was produced using im m obilized NAD kinase and
it  was measured by using a re c ircu la tio n  reactor system con ta in ing
im m obilized G6PD in a m icro-packed bed (Chapter I I I ) .
+A fter preparation o f a stable im m obilized NAD k inase , i t  w i l l  be
possib le to use both enzymes fo r the production o f NADPH. I t  would
-J-
be w orthw hile  to im m obilize both Enzymes, G6PD and NAD k inase , 
s im ultaneously on the same support and then use them fo r the production 
o f NADPH. In th is  way the e ffic ie n cy  o f the im m obilized enzymes w i l l  
be increased as has already been demonstrated by M osbach and 
M attiasson (1970).
REFERENCES
A fo layan, A . (1972) Biochem. 11 . 4172
Agosin , M . ,  I le v ic k y , J. & L itv a k , S. (1967) C an.J.B iochem . 45., 619 
A lbe rty , R.A. (1956) Advan .Enzym ol. 17, 1
A llis o n , J .P ., D avidson, L . ,  Hartman, A .G . & K itto , G .B . (1972)
Biochem .Biophys .Res .Comm . 47., 66
Anderson, W .B . & N o rd lie , R .C . (1968) Biochem ._7_, 1479
Anderson, W .B . , Horne, R .N . & N o rd lie , R .C , (1968) Biochem. _7_, 3997
Apps, D .K . (1968) Eur.J.Biochem . _5, 444
Apps, D .K . (1970) Eur.J.B iochem . 13, 223
Avigad, G . (1966) Proc .Nat .Acad .S c i.U  .S . 5j>, 1543
Axen, R. <Sc Ernback, S. (1971) Eur.J.B iochem . 18, 3 51 
♦ ‘
Axen, R. & Porath, J. (1966) N atu re , 210. 367
Axen, R ., H e ilb ronn, E. & W in te r, A . (1969) Biochim .Biophvs .A c ta . 191, 47
Axen, R. , M y rin , P.A. & Janson, J .C . (1970) B io p o ly m e r s 401
Axen, R . , Porath, J. & Ernback, S. (1967) N ature,214, 1302
Axen, R ., C arlsson, J . ,  Janson, J .C . & Porath, J. (1971) Enzymol. 4 1 , 35
Backkolb, F . & Schlegel, H .G . (1968) A rc h .M ik ro b io l. 63, 177
Balcom, J .,  Foulkes, P .,  Fo lson, N . & R ichardson, T . (1971)
Process. Biochem ._6 , 42
B a r-E li, A . & K a tcha lsk i, E. (1960) Nature, 188, 856
B ar-E li, A . & K a tcha lsk i, E .- (1963)'J .B io l.C hem . 238, 1698
Barker, S .A ., Emery, A .V . & N ov ias, J .M . (1971) Process .B iochem . 6_, 11
Barker, S .A ., Somers, P .J. & Epton, R. (1968) Carbohydrate Res. JL, 491
Barker, S ., Somers, P ., Epton, R. & M cLaren, J. (1970) Carbohydrate Res.
1 4 ,2 8 7
B artling , G .J . , Brown, H .D . ,  Forrester, L .J . ,  Koes, M .T . ,  M ather, A .N .
& S tasiw , R .O . (1972) Biotechno I .B ioeng. 14, 1039
Bauman, E .K . , Goddson, L .H . 6c Thomson, J.R. (1967) Anal.B iochem . .19,
587
Benziman, M . & M azover, A . (1973) T .B io l.C hem . 248, 1598 
BernfeId, P. & W an, J. (1963) Sci. 142, 678 
Blangy, D . ,  Buc, H . & Monod, J. (1968) J .M o le c .B io l. 3 1 , 13 
B loom fie ld , V . ,  P e lle r, L . & A lberty , R .A. (1962) J.Amer .Chem .S oc.
.84/ 43.67
Boehringer Biochemica catalogue (1970)
B oguslaski, R .C . & Janik, A .M . (1971) B iochim  .Biophys .A c ta . 250, 266
Bonsignore, A . & De F lo ra , A . (1972) Current Topics C e ll.  Regulation, 
(Horecker, B .L . & Stadtman, E.R. eds.) v o l.  6 , 21
Bons ignore, A . ,  De F lo ra , A . ,  M a ng ia ro tti, M .A . & Lorenzoni, I .  (1966) 
Ita l.T .B iochem  . 15, 453
Bonsignore, A . ,  Cancedda, R. ,  Lorenzoni, I . , C osu iich , M .E . &
De Flora A , (1971) Bioch m .Biophys .Res .Comm . 43, 94
Boudrant, J. 6c C he fta l, C . (1973) B iochim . 55, 413 '
Bower, V .E . 6c Bates, R .G . (1955) J. Re s . Nat .Bur. Stand.. _55, 197
Brand, K . ,  D eckner, K. 6c M u s il,  J. (1970) Ho ppe -Se y ler* s Z . Physio I .C hem .
3 51, 213
Broad, T .E ..&  Shepherd, M .G . (1970) Biochim .Biophys .A c ta . 198, 407
Broun, G . ,  Thomas, D . ,  G e llf ,  G .,  Domurado, D . ,  Berjonneau, A .M . 6c 
G u illo n , C . (1973) Biotech .B ioeng. 15, 3 59
Brown, A .T. (1902) T.Chem.Soc. 81, 373
Brown, H .D . ,  Pate l, A .B . 6c Chattopadhyay, S .K . (1968) J.Chrom atogr.
1 5 , 101
Brown, J .C . Swaisgood, E .H . 6c Horton H .R . (1972) Biochem .B io ph ys .
Res.Comm. 48, 1068
Brown, G . ,  Selegny, E ., Avrameas, S. 6c Thomas, D . (1969) B ioch im .
Bio phys .A c ta , 185, 260
Bruemmer, W . , H ennrich, N . , K lockow , M . , Lang, H . 6c O rth , H . (1972) 
Eur.J.B iochem . 1 5 , 129
Bunting, P .S . 6c La id le r, K .J. (1972) Biochem. 11, 4477
Burton, K. & W ils o n , T .H . (1953) Biochem,T. 54, 86
Butterworth, T .A . ,  W ang, D . I .C .  & S inskey, A .J . (1970) Bio tech . B ioeng.
12, 615
Calam , D . & Thomas, H . (1972) Biochim . Bio phys .A c ta . 2 7.6, 378 
C a v a lie r i, R .L . & Sable, H .Z . (1973) T. B iol .Chem . 248, 2815 
Chang, T .M .S . (1964) S c i. 146, 524
Chang, T .M .S . (1971) Biochem .Biophys .Res .Comm . 44 . 1531 
Chang, T .M .S . (1971b) Nature. 229. 117
Chang, T .M .S . M ac in tosh , F .C . & M ason, S .G . (1966) C a n .J .P h ys io l. 
Pharmacol. 44. 115
Chung, A .E . (1967) T .B io l.C hem . 242. 1182
Chung, A .E . (1971) in Methods in Enzymology (M cC orm ick, D .B . &
W rig h t, L .D . eds.) v o l.  18B, p. 149, Academic Press, New York 
and London
Chung, A .E . (1972) Arch .Biochem .B iophys . 152 , 125
Chung, A .E . & M idd led itc h , L .E . (1972) Arch. B iochem .Bio phys . 152 , 539 
C le la n d , W .W . (1963) Nature, 198, 463 _ - .
C le la n d , W .W . (1967) Adv.Enzym ol. 29, 1
C le land , W .W . (1970) in The Enzymes (Boyer, P .D . ed .) v o l . I I ,  3 rd . ed .
P*1
Cohen, P. & Rosemeyer, M .A . (1968) FEBS. L e tt. _1, 147 
CornishTBowden, A . (1974) Biochem.J. 137, 143
Crook, E .M . B rocklehurst, K. & W harton, C .W . (1970) in Methods in 
Enzymology (Perlmann, G .E . & Lorand, L . eds .) v o l . 19 p .963 , 
Academic Press, New York and London.
Cuatrecasas, P. (1970) T .B io l.C hem . 245. 3059
D a lz ie l,  K. (1957) Acta .Chem .Scand . 11. 1706
D anckw erts, P.V. (1953) Chem .Eng .S c i. 2_, I
D attagupta, N . & Bueremann, H . (1973) J .P o lym e ric .S c i., P o lym .Le tts .
11, 3 , 187
D egan i, Y . & M iro n , T . (1970) Biochim .Biophys .A c ta . 212 , 362 
De M oss, R .D . , G unsalus, I .C .  & Bard, R .C . (1953) J .B a c te r io l. 66 , 10
D ie tr ic h , L .S . & Yero, I . L .  (1971) in Methods in Enzymology (M cCorm ick, 
D .B . & W rig h t, L .D . ed s .) v o l . 18B, p .156, Academic Press, New 
York and London.
D ixo n , M . (1953) B iochem .J. 55, 170
D ixo n , M . & W ebb, E .C . (1964) in Enzymes, 2nd. e d n ., a -  page 30,
b -  page 70, c -  page 316 & d -  page 317, Longmans Green, London
D ixo n , J .E ., S tolzenbach, F .E . ,  Berenson,. J.A . & Kaplan, N .O . (i973) 
Biochem .Biophys .Res .Comm. 52 , 905
Domagk, G .F . ,  C h illa , R ., Domschke, W . , Engle, H .J . & Sorenson, N . 
(1969) H oppe-Seyler's Z. Physiol .Chem . 350, 626
Eadie, G .S . (1942) T .B io l.C hem . 146, 85
Emery, A .N . ,  Hough, J .S ., N ovias, J .M . & Lyons, T .P . (1972)
Chemical Engineer, p .71
Engel, A . ,  A lexander, B. & Pechet, L . (1966) Fed.P roc. 25, 318
Epste in , C . & Anfinsen, C . (1962) J .B io l.C hem . 237, 2175
Epton, R ., M cLaren, J.V . & Thomas, T .H . (1971) Biochem.T. 123, 21p.
Epton, R . , M cLaren, J. & Thomas, T . (1972) Carbohydrate Res. 22, 301
Epton, R. & Thomas, T .H . (1971) A ldrich im tea A c ta . _4, 61 : ;
Erlanger, B .G .,  Isam bert, M .F . & M ic  he Ison, A .M . (1970) Biochem.
Bio phys .Res .Comm . 40 , 70
Evans, H .J . & Nason, A . (1953) Plant P hvs io l. 2 8 . 233
Fernandes, M . (1970) J.Neurochem. 17. 503
F illip p u sso n , H . ,  Hornby, W . & M cD onald, A . (1972) FEBS. L e tt;  .20, 29
Ford, J .R ., Lambert, A .H . ,  W illia m , C . & Chambers, R .P . (1972)
B iotech.B ioeng.Sym p. N o .3 . 267
G abel, D . & H ofsten, B .V . (1970) Eur.T.B iochem . 15, 410
G abel, D . ,  V re tb lad, P ., Axen, R. & Porath, J. (1970) Biochim .B io phys . 
A cta . 214 . 561
Gardner, D .L . ,  Fa lb , R .D .,  Kim, B .C . <Sc Emmerling, D .C .
Trans. Amer .S oc. Art i f  .In tern .Organs 17, 239
G lase r, L . & Brown, B .D . (1955) T .B io l.C hem . 216, 67
Goldman, R. & K a tcha lsk i, E. (1970) J .T heo r.B io l. 32, 243
Goldman, R. & Lenhoff> H .M . (1971) Biochim .Biophys .A c ta . 242, 514
Goldman, R ., G o lds te in , L . & K a tcha lsk i, E. (1971) in B iochemical 
Aspects ofR eactions on Solid Supports (Stark, G .R ., e d .)p . ; i,  , 
Academic Press, New York.
Goldman, R ., Kedem, O . ,  S ilm an, I . H . ,  Caplan, S .R . & K a tch a lsk i, E . . 
(1968) Biochem. 1 ,  486
G o lds te in , L . (1969) in Fermentation advances, (Perlman, D . e d .) p .391 , 
Academic Press, New York.
G o lds te in , L . (1972) Biochem. 11, 4072
G o lds te in , L . (1973) Biochim .Biophys .A c ta . 315, 1
G o lds te in , L . & K a tch a lsk i, E. (1968) Fresenlus Z .A n a l.C he m .243, 375
G o lds te in , L . ,  Lev in , Y . 6c K a tcha lsk i, E. (1964) Biochem. 1 ,  1913
G o lds te in , L . ,  L ifs h itz ,  A . & Sokolovsky, M , (1971) In t.J ,B io ch e m . 2,  446
G o lds te in , L . ,  Pecht, M . ,  Blumberg, S ., A tla s , D . & Le v in , Y . (1970) 
Biochem. 9., 2322
Gom ori, G . (1955) in Methods in Enzymology (C o low ick , S .P . 6c Kaplan, N j  
eds.) vo l.I_ , p. 143 , Academic Press, New York and London.
Greenbaum, A .L . 6c C la rk , J.B. (1 9 6 5 )  Biochem.J. 9 6 ,  507
G riff ith s , M .M . & Bernofsky, C . (1970) Febs .L e tt . 1 0 , 97 " - -
Grubhofer, N . & S ch le ith , L . (1953) Naturw issenshaften, 40 , 508
GuiLbault, G .G . (1972) Biotechno I .  & Bieng.Symp. N o .3 , 361
G u ilb a u lt, G .G . & M onta lvo , J .C . (1969) T.Amer. Chem. Soc.9 1 ,  2164
H aas, E. (1944} B iochem .Z. 155, 321
Hasselberger, F .X . ,  Brown, H .D . ,  Chattopadhyay, S .K . M ather, A .D . ,  
S tasiw , R .O .,P a te l, A .B . & Pennington, S .N . (1970) Cane.Res.
1 0 / 2736
H enri, V . (1903) Lois Generates de Action des D ias ta ses , Hermann, Paris
H e rrio t, R .M . (1947) Adv. Protein Chem. 1 ,  174
H ic k s , G .P . & U pd ike , S .J. (1966) Anal.C hem . 1 8 , 726
H iro s h i, O . 6c F ie ld , J.B . (1968) T .B io l.C hem . 243, 815
H o fs te e , B .H .T . (1952) S c i. 116, 329
Horecker, B .L . 6c Kornberg, A . (1957) in Methods in Enzymology
(C o low ick , S .P . 6c Kaplan, M .O . eds.) v o l . I l l ,  p .879, Academic 
. Press, New York
Hornby, W .E . ,  Inman, D .J . & M cD onald, A . (1972) Febs. L e tt. 23,, 114 
Hornby, W .E ., L i l ly ,  M .D . 6c Crook, E .M . (1966) Biochem.T. 98, 420 
Hornby, W .E . ,  L i l ly ,  M .D . & C rook, E .M . (1968) B iochem.J. 107, 669 
Horne, R .N . Anderson, W .B . 6c N ord lie , R .C . (1970) Biochem. £ ,  610 
Hough, I .S .  6c Lyons, T .P . (1972) N a tu re ,235, 389
Hummel, J.P . 6c Anderson, B.S. (1965) A rch. Biochem .Bio phys. 112 , 443
H unter, A . & Downs, C .E . (1945) T .B io l.C hem . 157, 427
H ussa in , Q .Z . 6c Newcomb, T .F . (1963) Proc .Soc .E xp .B io l .M e d . 115, 301
Ikeda, S .  6c Fuku i, S .  (1 9 7 3 )  Biochim .B io phys .Res .Comm. 5 2 ,  482
Inman, J .K .  6c D in tz is , H . M .  (1 9 6 9 )  Biochem. £ ,  4 0 7 4
Itz h a k i, R .F . 6c G il l ,  D .M . (1964) A na l. Biochem. 9., 401
Jagendorf, A . , Potchorn ik, A. & Sela, M ..(1963) Biochim .Biophys .A c ta . 78,
516
Johansson, K . ,  Lundberg, J ., M a ttiasson , B 6c M osbach, K. (1973)
Biochim .Biophys .A c ta . 3 04 , 217
Ju lian , G .R ., W o lfe , R .G . <& R e ithe l, F .J . (1961) T.Biol .Chem .236 , 754
Ju llia rd , J .H . ,  G odinot, C .  6c Gautheron, D . C .  (1 9 7 1 )  F e b s .L e tt. L 4 ,  185
K a tcha lsk i, E . ,  S ilm an, I .6 t  Goldman, R. (1970) Adv. in Enzymol. £ 4 , 445
Katchman, B . , B e the il, J .,  Schepartz, A . 6c Savadl, D . (1951) A rch. Biochem. 
Bio phys. 3 4 ,  4 3 7
Kay, G . (1968) Proc .Biochem. August, 36
Kay, G . & C rook, E .M . (1967) Nature 216, 514
Kay, G . 6c L i l ly ,  M .D . (1970) Biochim .B iophys .A c ta . 198, 276
Kay, G . L i l ly ,  M .D . Sharp, A .K . 6c W ils o n , R .J .H . (1968) Nature 217, 641
K e ilin , D . 6c Hartree, E .F . (1938) Proc .Roy .S oc. Lond.Ser.B . 124, 397
Kirkman, H .N . (1971) A dv. Hum .G ene t. 2., 1
K lo tz , I .M .  Royer, G .P . 6c Scarpa, I .S .  (1971) P roc.Nat .Acad .S c i.  U .S . 6 8 , 2 6 3
Kornberg, A . (1950) J .B io l.C hem . 182, 805
Krebs, H .A . 6c Eggleston, L .V . (1940) B iochem.J. 34 , 442
Kuby, S .A . Noda, L . & Lardy, H .A . (1954) J .B io l.C hem . 210, 65 
Larsson, P. & M osbach, K. (1971) Biotechno I .B ioeng. 13., 393 
Less ie , T . & Neidhardt, F .C . (1967) T .B acte rio l.93 , 1337
Lev in , Y . ,  Pecht, M . , G o lds te in , L . Sc K atcha lsk i, E. (1964) Biochem .3., 1905
Levy, H .R . (1961) Biochem .Biophys .Res .Comm .6., 49
L i l ly ,  M .D . & Dunn i l l ,  P. (1 9 7 1 )  Proc .B iochem . August, 29
L i l ly ,  M .D . Sc Dunn ill, P . (1 9 7 2 )  Biotechno I .Bioeng .Sym p. 3., 221
L i l ly ,  M .D . Sc Sharp, A .K . (1968) Chem.Engr. 215., CE 12
L i l ly ,  M . D .  Hornby, W . E .  Sc Crook, E . M .  (1 9 6 6 ) .  Biochem .T. 1 0 0 , 7 1 8
L i l ly ,  M .D . Kay, G . , Sharp, A .K . Sc W ils o n , R. J .H . (1968) B iochem. 1 .107, 5p
L ine , W .F . , Kwong, A . ScW eetall, H .H .(1971) Biochim .B iophys .A c ta .242., 194
Lineweaver, H . Sc Burk, D . (1934) T.Amer .Chem .S oc. 56, 658
• Lowe, C .R . Sc'Dean, P .D .G . (1971) F e bs .L e tt. 14, 313
Lowry, O .H . ,  Passonneau, J.V . Schulz, D .W . Sc Rock, M .K . (1961)
J .B io l.C hem . 236., 2756
Lowry, O .H . Rosebrough, N .J . Farr, A .L . Sc Randall, R .J. (1951)
J .B io l.C hem . 193., 265
Lynn, J. Sc Fa lb , R .D . (1969) A bstr. p a p .l5 8 th  M e e t. ,  Amer .Chem .Soc .B io l.
2 9 8
M aeda, H .  Sc Suzuki, H .  (1 9 7 2 )  A g r.B io l.C h em . 3 6 ,  1581
M ahle r, H .R . Sc Cordes, E .H . (1971) B io log ica l C hem istry, 2nd. Edn. 
p .297, Harper Sc Row, London.
M a lco lm , A .A . Sc Shepherd, M .G . (1972) Biochem.J. 12 8 , 817
M andels, M . ,  K ostick , J. Sc Parizek, R . (1 9 7 1 )  J .P o lym .S c i. part C .  N o .3 6 ,
445
M anecke, .G. (1962) Pure A pp l.C hem . 4., 507
M anecke, G . Sc G unzel, G . (1962) M akrom el. Chem. JH, 199
M anecke, G . ,  G iinze l, G . ,  Sc Forster, H .J . (1 9 7 0 )  J .P o lym .S c i. part C .
No . 3 0 , 607
M a rsh a ll, D .L .  (1973) Biotech .B ioeng. L5, 477 
M a rs h a ll, J.J. Sc W he lan , W .J . (1971) C hem .Ind . p.701
M artensson, K. & M osbach, K. (1972) B io tech .B ioeng. 14., 715
M ason, R .D . & W e e ta ll, H .H . (1972) B io tech .B ioeng. L4, 637
M atsuda, T . & Yugari, Y . (1967) J.B iochem. 61, 535
M a ttia sso n , B. & M osbach, K. (1971) Biochim .Biophys .A c ta . 235, 2 53
M eh le r, A .H . ,  Kornberg, A . ,  G ris o lia , S. & Ochoa, S. (1948)
J .B io l.C h e m . 174, 961
M e lrose , G .J .H . (1971) Rev .Pure & A pp i.C hem . 21, 83
M eyerhof, O . & Oesper, P. (1947) J .B io l.C hem . 170, 1
M cKerns, K .W . (1965) Biochim .Biophys .A c ta . 97, 542
M cLaren, A .D . (1957) S c i. 125, 697
M cLaren, A .D . & Packer, L . (1970) Adv. Enzym ol.Relat.Areas M o L .B io l.
32, 245 ;
M ic h a e lis , L . & M enten, M .L .  (1913) B iochem .Z. 42/ 333
M ild va n , A .S . (1970) in The Enzyme (Boyer, P .D . ed .) v o l.2 ,  3rd E d ition ,
p 445
M itz , M .A . (1956) S c i. 122, 1076
M itz., M . & Summaria, L . (1961) Nature 189, 576
Mogensen, A .O . & V ie th , W .R . (1973) B io tech .B ioeng. 15, 467
Mo nod, J ./W y m a n , J. & Changeux, J.P . (1965) J .M o l .B io l .J 2 , 88
M o ri, T . ,  Sato, T . Tosa, T . & C h iba ta , I  . (1972) Enzym ol.34, 213
M osbach, K. & M a ttiasson , B. (1970) Acta .Chem .Scand. 24, 2093
N egele in , E. & G erischer, W . (1936) Biochem .Z . 284, 289
N egele in , E. & W u lff ,  H .T. (1937) B iochem .Z. 293, 351
Nem chinskaya, V .L . & Smirnova, T .B . (1967) B iokhim iya, 2 2 , 854
Nem chinskaya, V .L . Kushner, V .P . ,  Bozahkov, V .M . Turchnko, E . I .  & 
T u kach iu sk ii, S .E . (1966) B iokhim iya, 31, 306
Neureddin, A . & Inagam i, T . (1969) Biochem .Biophys .Res .Comm. 38./ 899
Newton, J .W ., W ils o n , P .W . & Burris , R .M . (1953) J .B io l.C he m . 240, 445
N iko lae v , A .Y . & M ardashev, S.R. (1961) B iokhim iya, 26 , 641
N ing , J . , Purich, D .L .  <Sc Fromm, H .J . (1969) T. Bio I .  Chem. 244, 3840
Noltm ann, E .A . & Kuby, S .A . (1963) in The Enzymes (Boyer, P .D .,
Lardy, H . & M yrback, K. eds.) 2nd. ed. v o l . 7., p .223, Academic 
Press, New York
O ka, H . & F ie ld , J.B . (1968) J .B io l.C hem . 243, 815
O liv e , C . & Levy, H .R . (1967) Biochem. 6., 730
O liv e , C . ,  Geroch, M .E . & Levy, H .R . (1971) T .B io l.C hem . 246, 2047
O 'N e il l ,  S .P . (1972) Biotech .B ioeng. 14, 201
O 'N e il l ,  S .P . D u n n ill,  P. & L i l ly ,  M .D . (1971) B io tech .B ioeng. 13., 337
O 'N e il l ,  S .P . W ykes, J.R '., D u n n ill, P. & L i l ly ,  M .D . (1971a)
B io tech .B ioeng. 13., 319
Ostergaard, J .C .W . & M art in y , S .C . (1973) B iotech. B ioeng. 15, 561
Passonneau, J .V .,  Schulz, D .W . & Lowry, O .H . (1966) Fed.P roc.25 , 219
Pate l, A .B . , Pennington, S .N . & Brown, H .D . (1969) Biochim .Biophys .A cta .
178. 626
Pate l, R .P .,Lo p ie ke s , D .V . ,  Brown, S .P . & P rice, S. (1967) B iopolym ers, 5.,
577
P fle ide r, G . ,  Jeckel, D . & W ie la n d , T . (1956) B iochem .Z. 328, 187 .
Pharmacia Fine Chemicals (1973) Leafle t en titled  CH-Sepharose 4B 
AH-Sepharose 4B for a ff in ity  chromatography
P o lak is , E .S . & Bartley, W . (1966) Biochem .J. 99., 521
Preuveneers, M .J . ,  Peacock, D . ,  C rook, E .M .-, C la rk , J.B . &
Brocklehurst, K. (1973) Biochem.T. 133. 133
Racker, E . (1950) J .B io l.C hem . 184, 313
Rafter, G .W . & C o low ick , S .P . (1957) in Methods in Enzymology (C o low ick , 
S .P . & Kaplan, M .O . eds.) v o l . I I I  p .887 , Academic Press, New York
Ramirez, J.R. & M cLaren, A .D . (1966) Enzymol. 3 1 , 23
Reed, G . (1966) in  Enzymes in Food Processing, Academic Press, New York &
London
Rees, D .A . (1969) J.Chem .S o c .B . 217
R iese l, E. & K a tcha lsk i, E. (1964) J. Bio I .  Chem. 239, 1521 
Rimon, S .,  Stupp, Y . ,&  Rimon, A . (1966) Can .J. Biochem. 44, 415
Robinson, P .J. , D u n n ill,  P. & L i l ly  M .D . (1971) B ioch im .B io phys .A c ta .242.,
:,V; : . 659
Rony, P.R. (1972) B io tech .B ioeng. Sym p.3. 401 
Rose, I .A .  (1961) T.Biol.Chem  . 236, 603
Royer, G .P . & Green, G .M . (1971) Biochem .Biophys .Res .Comm. 44, 426
Sanderson, C .J . 6c W ils o n , D .V . (1971) Immunol. 20., 1061
Sanwal, B .D . (1970) T.Biol .Chem .245, 1626
Sanwal, B .D . 6c Smando, R. (1969) J .B io l.C hem . 244, 1824
Sanwal, B .D .,  Maeba, P. 6c Cook, R .A . (1966) J .B io l.C hem . 241, 5177
Scott, D .B .M . 6c Cohen, S .S . (1953) Biochem.J. 55 , 23
Scott, W .A . 6c Tatum,E. 1(1971) J. Bio I .  Chem. 246, 6347
Segal, H .L . (1959) in The Enzymes (Boyer, P .D . , Lardy, H . 6c M yrback, K. 
eds. ) v o l . l . ,  2nd edn. p . l  , Academic Press, New York
Sekine, H . (1973) A g ri.B io l.C h e m . 3_7, 437
S e lf, D .A . ,  Kay, G . 6c L i l ly ,  M .D . (1969) B iotech. 6c B ioeng. 11, 337
Senior, P .J ., Beech, G .A .,  R itch ie , G .A .F . 6c Dawes, E .A . (1972)
Biochem . J. 128, 1193
Severin, S .E . , Telepneva, V . I . ,  T s e it lin , L .A . (1970) B iokh im iya , 3 5 , 329
Sharp, A .K .,  Kay, G . ,  L i l ly ,  M .D . (1969) B iotech. 6c B ioeng. 11, 363
Silm an, I .H .  6c K a tcha lsk i, E. (1966) Ann.Rev .Biochem .35 , 873
S ilm an, I . H . ,  A lbu-W eissenberg , M . 6c K a tcha lsk i, E. (1966) B iopolym ers,
4 , 441
Sm iley, K .L . (1971) B io tech .B ioeng. 13 , 309 
So Id in , S .J. 6c B a linsky, D . (1968) Biochem. 1_, 10 77 
Squire, P .G . 6c Sykes, H .B . (1970) In t .J .  Protein Res. 2,  173 
Standberg, G .W . 6c Sm iley, K .L j(1971)Appl.M icrob io l. 21, 588 
Sunberg, L . 6c K ris tiansen , T . (1972) Febs .L e tt. 22, 175 
Sundaram, P .V . (1971) Biotech .B ioeng. Symp.3_, 15 
Sundaram, P.V. 6c C rook, E .M . (1971) Can.T.B iochem . 49, 1388 
Sundaram, P. 6c Hornby, W . (1970) Febs. L e tt. 10, 325 
Surinov, B .P. 6c M a no ilov , S .E . (1966) B iokhim iya 31, 3 87
T ab ita , R. 6c Lundgren, D .G . (1971) J .B a c te rio l.lj0 8 , 343 
Takami, T . 6c Ando , T . (1968) Seikagaku, 40., 749 
Telepneva, V . I .  & M eshter, R . (1971) V op .M ed .K h im . 17, 20 
Thorne, M .B . (1953) Biochem .J. 54, 540
Tosa, T . ,  M o ri, T . ,  Fuse, N . & C hibata, I .  (1969) A gr.B io l .Chem . 33., 1047
Tosa, T . , Sato, T . , M o ri, T . , M atno, Y . , & C hiba ta , I .  (1973)
Biotech.B ioeng . 15, 69
U pd ike , S.J. & H icks , G .P . (1967) Nature 214, 986
V id a l, M .L . & Van-Uden, N . (1973) Biochim .Biophvs .A c ta . 293, 295
V isse r, J . ,  Havekes, L . 6c Veeger, C . (1972) Z . N a tu rfo rsch . B. 27, 1063
Von Euler, H . 6c A d le r, E. (1938) Z . Phys.Chem . 252 , 41
Von Euler, H . 6cVestin, R. (1938) A rk .K em i.M in e ra l.O  .G e o l. 12B, 44
W ang, T .P . 6c-Kaplan, N .O . (1954) J .B io l.C hem . 206, 311
W agner, T . ,  Hsu, C .J . 6c Kellehev, G . (1968) Biochem.T. 108, 892
W arburg, O . & C h ris tia n , W . (1931) Biochem .Z . 242, 206
W arburg, O . 6c C h ris tia n , W . (1932) B iochem .Z. 2 54, 43 8
W arburg, 0 . 6c C h ris tia n , W . (1936) Biochem. Z. 287, 291
W arburg, O . & C h ris tia n , W . (1937) B iochem .Z. 292, 287
W arburg, O . 6c C h ris tia n , W . (1941) B iochem .Z. 310, 3 84
W arburton, D . ,  D u n n ill,  P. 6c L i l ly ,  M .D . (1973) B iotech.B ioeng . 15., 13
W e e ta ll, H .H . (1970) Biochim .Biophys .A c ta . 212 , I
W e e ta ll, H .H . (1971) Nature 232, 473
W e e ta ll, H .H . 6c Baum, G . (1970) B io tech .B ioeng. .12., 399
W e e ta ll, H .H . 6c Hersh, L .S . (1969) Biochim .Biophys .Acta . 185, 464
W e e ta ll, H .H . 6c Hersh, L.S.. (1970) Biochim .Biophys .A c ta . 206 , 54
W e e ta ll, H .H . 6c M ason, R .D . (1973) B io tech . Bioeng . 1 5 ,  455
W e ib e l, M .K . , W e e ta ll, H .H . 6c B righ t, H .J . (1971) B iochem .B iophys.
Res.Comm. 44, 347
W e lik y , N . ,  Brown, F .S . 6c D a le , E .C . (1969) ArCh. Biochem .B iophys . 131, I
W harton, C .W .,  Crook, E .M . & Brocklehurst, K. (1968) Eur.J.Biochem .J5, 565 
W hittam , R ., Edwards, B .A . & W heeler, K .P . (1968) Biochem.T. 107, 3p. 
W ilk in s o n , G .N . (1961) Biochem .J. 80, 324
W ils o n , R. J .H . , Kay, G . & L i l ly ,  M .D . (1968) Biochem.T. 108, 845
W ils o n , R .J .H . , Kay, G . & L i l ly ,  M .D . (1968b) Biochem .J. 109 , 137
W ingard , Jr. L .B . (1972) B iotech. & Bioeng .S ym p.N o.3 , 3
W o o lf, B. quoted in Allgemeine Chemie der Enzyme by Haldane, J .B .S . & 
Stern, K .G . (1932) 119
Yamamoto, Y. (1966) P lant. Physio I .  4 1 , 523
Yero, I . L . ,  Farinas, B. & D ie tr ic h , L . S . (1968) J .B io l ..Chem. 243 , 4885
Yoshida, A . ,  Beutler, E. & M o tu lsky , A .G . (1971) B u ll.W o rld  H lth .O rg . 45,
243
Young, E .G . (1963) in Comprehensive B iochem istry (F lo rk in , M . &
S totz, E .H . e d s .) v o l .7 , p25, E lsev ie r, New York
Yue, R .H .,  Noltmann, E .A . & Kuby, S .A . (1969) T .B io l.C hem . 244, 1353
Y urov/itzk i, Y .G . & M ilm an, L .S . (1968) Biochim .Biophys .A c ta . 151, 270
Zaborsky, O .R . <Sc O gletree, J. (1972) Biochim .B ioph ys .A c ta . 289, 68
